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ABSTRACT 
During the postmortem storage there are numerous changes in the protein profile of 
beef.  It is well documented that some of these changes directly affect the structure of the 
myofibril during postmortem aging.  Our hypothesis was that there are alterations to proteins 
during postmortem storage that affect tenderness development.  By identifying these 
alterations, these proteins can be used as indicators of tenderness and can aid in the 
identification of consistently tender beef. 
The first experiment was designed to define the biochemical differences that govern 
tenderness and palatability of economically important muscles from the beef round using 
muscles with known tenderness differences.  At 24 h postmortem, the longissimus dorsi 
(LD), gracillus (GR), adductor (AD), semimembranosus (SM), sartorius (SAR), vastus 
lateralis (VL), and vastus intermedius (VI) muscles were removed from ten market-weight 
beef cattle.  Sensory and biochemical characteristics were determined in each muscle and 
compared with the LD.  This study showed that the AD and VL had poor sensory traits 
compared to the LD.  However, the GR, SAR, and VI had sensory traits similar to the LD.  
The AD was also an important example of how understanding the biochemical characteristics 
of a muscle can aid in the utilization of that muscle.  The most notable attribute of the AD 
was its lack of change in protein degradation during aging.  The AD had no detectable 
change in the abundance of the 30 kDa degradation of troponin T from one to 14 days 
postmortem, and no significant change in tenderness.  Postmortem aging of this muscle 
provided no added benefit as it did in many of the other muscles evaluated.  In most beef 
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round muscles, postmortem proteolysis provided a good indication of the postmortem 
tenderization occurring during aging.   
Results from our first study suggested that proteolysis is the key process in indicating 
postmortem tenderness and that the AD had little proteolysis from one to 14 days 
postmortem.  The lack of change in protein degradation in the AD provided a model to 
determine the changes in protein abundance over time in a muscle with little proteolysis from 
one to 14 days postmortem.  Once these changes were determined, they were then compared 
to the changes in protein abundance over time in a muscle with greater proteolysis (LD) from 
one to 14 days postmortem to identify the proteins that may play a role in postmortem 
tenderization.  So, this second experiment was designed to determine the identity of proteins 
that are altered during the postmortem aging process by using muscles that differ in 
tenderness and postmortem protein degradation.  The AD (n=5) was chosen because it shows 
very little change in sensory and instrumental tenderness during 14 days of aging and the LD 
(n=5) was chosen because it showed a large increase in sensory and instrumental tenderness. 
A highly soluble sarcoplasmic fraction and a less soluble, crude myofibrillar fraction were 
extracted from each muscle. Two-Dimensional Difference In Gel Electrophoresis (2-D 
DIGE) was used to compare samples from one and 14 days postmortem within the same 
muscle and protein fraction.  This study illustrated that both glyceraldehyde-3-phosphate 
dehydrogenase and beta-enolase are not expected to be robust indicators of tenderness across 
muscles because alterations to the relative abundance of these proteins were not directly 
related to the amount of tenderization that occurred in both the AD and LD during 
postmortem storage.  In addition, the usefulness of creatine kinase M-type as an indicator of 
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tenderness was unclear because it undergoes both degradation and solubility changes during 
postmortem storage.  Postmortem modifications, through proteolysis or solubility changes, of 
the structural proteins found to change in relative abundance during aging in the LD (actin, 
myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-actinin-3) can play a key 
role in postmortem tenderization by disrupting the structure of the myofibril.  As a result, 
actin, myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-actinin-3 are 
anticipated to be good indicators of tenderness across muscles.   
While actin, myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-
actinin-3 appeared to be important to the process of postmortem tenderization, it was also 
important to verify that differences in these proteins could be detected between high and low 
star probe samples.  Therefore, the next study was designed to identify proteins in bovine 
longissimus dorsi that differed in steaks from high or low star probe samples.  The LD was 
removed from ten cattle at 24 hours postmortem, and the two with the highest (average kg of 
force = 6.57) and lowest star probe values (average kg of force = 3.75) at 14 days 
postmortem were designated the high and low star probe samples, respectively.  Using 2-D 
DIGE to compare the protein profile of the sarcoplasmic fraction of high and low star probe 
samples of the LD, proteins were identified that may have potential as indicators of 
tenderness.  Of the proteins identified in the previous study as changing in relative abundance 
over time, myomesin-2, tropomyosin alpha 1 chain, and actin were identified as being more 
abundance in the sarcoplasmic fraction of low star probe samples compared to high star 
probe samples.   Therefore, myomesin-2, tropomyosin alpha 1 chain, and actin are important 
to the process of postmortem tenderization and can be detected between high and low star 
  
x 
 
probe samples.  Because of this, these proteins have the greatest potential to become 
indicators of postmortem tenderness.  
In addition to myomesin-2, tropomyosin alpha 1 chain, and actin, both 
phosphoglucomutase 1 (PGM1), and myosin light chain 1 (MLC1) differed in relative 
abundance in the sarcoplasmic fraction between high and low star probe samples.  Two spots 
identified as MLC1 and four of the five spots identified as PGM1 were more abundance in 
the low shear samples compared to the high star probe samples.  One spot of PGM1 was 
identified as more abundant in the high star probe samples compared to the low star probe 
samples.  Of all the proteins identified as differing in relative abundance between high and 
low star probe samples, MLC1 was determined to be a candidate protein for postmortem 
tenderization because it had the most significant difference between the high and low star 
probe groups. The second portion of this study was designed to determine the extent to which 
μ-calpain activity could be responsible for the appearance of MLC1 in the highly soluble 
sarcoplasmic fraction during aging and examine the rate of the appearance of MLC1 in the 
highly soluble fraction during incubation with μ-calpain.  Myofibril incubation with μ-
calpain revealed that μ-calpain catalyzes the rapid release of MLC1 from the myofibril.  One 
hypothesis suggested by Hayashibara and Miyanishi (1994) was that MLC1 may provide 
stability to the actomyosin complex by keeping actin and myosin in close proximity and that 
the rapid release of MLC1 into the highly soluble sarcoplasmic fraction may influence 
tenderness by disrupting the stability of the actomyosin complex. 
Of all the proteins identified as differing in relative abundance between high and low 
star probe samples, PGM1 offered the best model to investigate the effects on 
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posttranslational modifications on postmortem tenderization.  Because four of the five spots 
identified as PGM1 were more abundant in the low star probe samples and one of the five 
spots identified as PGM1 was more abundant in the high star probe samples, it indicates that 
the individual isoforms of PGM1 were as important to tenderness as the overall amount of 
PGM1.  Because posttranslational modifications (phosphorylation) play a key role in the 
regulation of the PGM1 activity, the final study was designed to identify differences in 
phosphorylation of PGM1 in samples that differed in star probe value.  2-Dimensional PAGE 
(13 cm, pH 4-7; 8% acrylamide gel) was used to compare the sarcoplasmic fraction of the 
LD at one day postmortem in the high and low star probe groups.  This study showed that 
there was a greater abundance of phosphorylated protein in the most alkaline of the 
phosphorylated PGM1 spots in high star probe samples compared to low star probe samples.  
This increase in phosphorylation may indicate increased activation and/or activity of PGM1.  
More importantly this study illustrated the importance of investigating posttranslational 
modification in the search for biomarkers because the least phosphorylated isoform of PGM1 
had a greater abundance of phosphorylated protein in steaks from the high star probe samples 
while all other isoforms of PGM1 did not differ in the abundance of phosphorylated protein 
between steaks from the high and low star probe samples.  This suggests that the 
posttranslational modifications of proteins may be as important as total protein in 
determining postmortem tenderization.   
In conclusion, myomesin-2, tropomyosin alpha 1 chain, actin, and myosin light chain 
1 show promise as potential indicators of tenderness.  Because variation in posttranslational 
modifications have effects on protein activity, cellular locations and signaling pathways, the 
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investigation into the posttranslational modifications of any candidate proteins may help in 
understanding usefulness of these proteins as biomarkers and the mechanism of tenderization 
during postmortem storage of meat. 
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GENERAL INTRODUCTION 
Introduction to the literature review 
 The focus of this dissertation was to examine the changes in the protein profile that 
occur during aging and their relationship to tenderness development in beef cattle.  
Tenderness development is dependent on a number of different biological processes.  These 
biological processes include postmortem glycolysis, which plays a role in the postmortem pH 
decline, muscle tissue development, which can affect both the amount of connective tissue 
and the fiber type of a muscle and protein proteolysis by endogenous proteases, which 
weaken the structure of the myofibril.  The proteases present in postmortem muscle can be 
controlled by protease inhibitors and a number of different postmortem environmental 
changes that occur during the conversion of muscle to meat.  Understanding the proteomic 
changes that occur during postmortem aging can ultimately provide insight into development 
of fresh meat quality. 
 
Structure of the myofibril 
The myofibril is a long cylindrical organelle of striated muscle cells which is 
composed of a regular arrangement of contractile filaments.  The sarcomere is the basic 
repeating unit of the myofibril and contains all the essential structural components 
responsible for muscle contraction and relaxation.  At rest the sarcomere is approximately 2.5 
μm in length and during contraction it can shorten to approximately 70% of its original 
length (Au, 2004).  The major structures of the sarcomere are the thin filament, thick 
filament, Z-line (Z-Disk), and M-line (Figure 1).  Disruption of the proteins that make up the 
fundamental structures of the myofibril can improve tenderness by weakening the overall 
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structure of the myofibril.  As a result, understanding the organization of the basic structures 
of the myofibril is essential to understanding the process of postmortem tenderization.  
 
Figure 1. Schematic representation of the sarcomere with major structures and proteins identified.  
Adapted from Au (2004). 
 
Thin Filament 
  The thin filaments are anchored at the Z-line and extend approximately 1 μm toward 
the middle of the sarcomere, where they can interact with the thick filaments (Au, 2004).  
The major proteins that comprise the thin filament are actin, tropomyosin, troponin, and 
nebulin.  Actin is the most abundant protein in the thin filament and accounts for 
approximately 20% of the myofibrillar protein (Robson et al., 1997).  Additionally, actin is 
primary protein that forms the structure of thin filament and contains binding sites for 
myosin.  Actin filaments (F-actin) consist of two helically wound strands of spherical 
globular actin (G-actin) (Hanson & Lowy, 1963).   
Wound around the actin polymers are two strands of tropomyosin.  One tropomyosin 
molecule spans seven actin monomers and is one of the major regulatory proteins of the thin 
filament (Phillips, Fillers, & Cohen, 1986).  In a relaxed muscle, tropomyosin physically 
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blocks the binding site for myosin on the actin filament and prevents muscle contraction 
(Hitchcock, Huxley, & Szent-Györgyi, 1973; Lorenz, Poole, Popp, Rosenbaum, & Holmes, 
1995).  In addition to the regulation of muscle contraction, tropomyosin also acts to stabilize 
the structure of the thin filament (Broschat, 1990; Wegner, 1979).   
The troponin complex is located at 38.5 nm intervals along the actin filament and 
consists of three subunits, troponin-T, troponin-I, and troponin C (Schaub & Perry, 1969).  
The troponin complex is also a key regulator of muscle contraction.  Troponin-T binds the 
troponin complex to tropomyosin and troponin-I acts to “inhibit” the magnesium activated 
ATPase activity of the actomyosin complex (Perry, 1999).  Troponin-C binds to the calcium 
that is released from the sarcoplasmic reticulum to initiate contraction (Schaub & Perry, 
1969).  When troponin-C binds calcium, there is a conformational shift in the troponin 
complex that results in the movement of both tropomyosin and troponin-I.  This shift moves 
tropomyosin and troponin-I off the myosin binding sites located on actin and allows the thick 
filament to form cross-bridges with the thin filament (Perry, 1999).  Once these cross-bridges 
are formed, myosin will hydrolyze ATP and perform a “power stroke” that will slide the thin 
filament toward the center of the sarcomere.  The ultimate result of the cross-bridge 
formation and ATP hydrolysis by myosin is muscle contraction.   
Nebulin is a large protein that is between 500 to 900 kDa in size depending upon the 
isoform present (McElhinny, Kazmierski, Labeit, & Gregorio, 2003).   Nebulin runs along 
the entire length of the thin filament with its C-terminus embedded in the Z-line (Au, 2004).  
During muscle development, nebulin acts as a “molecular ruler” for the length of the thin 
filament in mature skeletal muscles (Kruger, Wright, & Wang, 1991).  Nebulin is believed to 
be a molecular ruler because the length of thin filament was correlated to the molecular 
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weight of different nebulin isoforms (Kruger et al., 1991; Trinick, Knight, & Whiting, 1984). 
Additionally the C-terminus of nebulin is embedded in the Z-line and acts to add stability to 
the attachment site of the thin filament (Au, 2004).  Actin, tropomyosin, and nebulin 
contribute to the stability of the thin filament and the troponin complex is an important 
regulator of actin and myosin cross linking in skeletal muscle.  Degradation or any other 
disruption to these proteins has the potential to influence the overall tenderness of the muscle 
through the weakening of the myofibrillar structure.   
  
Thick Filament 
 The thick filament is anchored at the M-line and extends out approximately 0.75 μm 
in both directions where it interacts with the thin filament.  The major proteins of the thick 
filament are myosin and titin.  Myosin is the most abundant protein in the thick filament and 
accounts for approximately 45% of the myofibrillar protein (Robson et al., 1997).   A 
complete myosin molecule can be characterized by containing two “heavy chains” and two 
pairs of “light chains” (Au, 2004).  Each pair of light chains contains one regulatory and one 
essential light chain.  Together the essential and regulatory light chains and myosin heavy 
chain act to regulate the ATPase activity of the myosin head and the shortening velocity of 
muscle fibers (Reggiani, Bottinelli, & Stienen, 2000; Timson, 2003; Xie et al., 1994).  These 
regulatory aspects of the heavy and light chains of myosin are what will determine the 
contraction speed and strength of contraction.  
Myosin light chain 1, also called myosin alkali light chain, is a ~21 kDa essential 
light chain that is expressed in fast skeletal muscle (Timson, 2003).  Myosin light chain 1 
binds to residues ~783-806 on the myosin molecule (Au, 2004) and is known to interact with 
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actin in the actomyosin complex (Andreev & Borejdo, 1995; Prince et al., 1981).  Myosin 
light chain 1 has a 41 residue N-terminal “tail” that binds directly to F-actin (Henry et al., 
1985; Sutoh, 1982).  The actin binding properties of myosin light chain 1 were illustrated by 
Hayashibara & Miyanishi (1994) who removed the first 13 residues of the N-terminal “tail” 
through papain degradation and showed that the resulting 13 residue N-terminal peptide was 
able to bind to actin.  The two main regions of this “tail” are an actin binding region at the N-
terminus and a proline rich “spacer arm” that is thought to extend the 8 nm gap between the 
light chain and the actin filament (Timson, 2003).  Together these two regions of myosin 
light chain 1 are thought to add stability to the cross bridge formed by the bonding of actin 
and myosin (actomyosin complex) by keeping the myosin head and the actin filament in 
close proximity (Hayashibara & Miyanishi, 1994; Timson, 2003).  In living muscle tissue, 
full length myosin light chain 1 has a lesser disassociation constant that myosin light chain 1 
that has had the N-terminal end (13 amino acids) cleaved by papain (Hayashibara & 
Miyanishi, 1994).  This indicates that myosin light chain 1 with an intact N-terminal “tail” 
binds to actin more tightly than myosin light chain 1 with disruption to the N-terminal “tail.”  
It is hypothesized that disruption of actin binding by the N-terminus of myosin light chain 1 
may contribute to the decline of the interaction between actin and myosin (Hayashibara & 
Miyanishi, 1994).  The structure of actomyosin in postmortem muscle may be an important 
contributor to tenderness during aging through the weakening of the actomyosin interaction 
after 24 h postmortem (Goll, Geesink, Taylor, & Thompson, 1995; Goll, Thompson, Taylor, 
& Christiansen, 1992).  Two-Dimensional Difference In Gel Electrophoresis of the highly 
soluble sarcoplasmic fraction has shown that a greater abundance of myosin light chain 1 was 
correlated to lower shear force values in beef (Jia et al., 2009).  Because the abundance of 
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myosin light chain 1 in the sarcoplasmic fraction is related to tenderness and is thought to 
add stability to the actomyosin complex it may play an important role in postmortem 
tenderization. 
The overall structure of the myosin molecule has been further described by the 
fragments generated through cleavage using the protease, papain.  The two fragments 
produced through papain degradation are the S1 head domain and S2 rod-like tail domains.  
The S1 head fragment contains the two light chains and the N-terminal region of myosin 
heavy chain and the S2 rod-like tail domain contains the C-terminal end of the myosin heavy 
chain that comprises the backbone of the myosin molecule (Milligan, 1996; Rayment & 
Holden, 1993).  The S1 head domain also contains an ATPase enzyme and the binding site 
for actin (Rayment & Holden, 1993).  During contraction the head domain interacts with 
actin, undergoes a rotation and completes a “power stroke” that pulls the thin filaments 
toward the M-line (Vale & Milligan, 2000).  The ATPase enzyme of the myosin head then 
hydrolyzes an ATP molecule which allows the myosin head to release from actin.  The 
process is repeated and as a result shortens the length of the sarcomere, contracting the 
muscle fiber.  Because myosin is the primary protein that comprises the thick filament, and 
myosin light chain 1 is thought to add stability to the actomyosin complex disruption to these 
proteins may increase tenderness by weakening the myofibrillar structure.   
Titin is approximately 3000 kDa and is the third most abundant protein in muscle 
tissue (Au, 2004; Maruyama, 1997; Maruyama, Kimura, Ohashi, & Kuwano, 1981).  Titin is 
an elastic protein that is approximately 2.0-2.5 μm in length and spans half the sarcomere.  
Titin is expressed very early postmortem and is hypothesized to provide the scaffolding for 
development of the myofibril (Clark, McElhinny, Beckerle, & Gregorio, 2002).  The N-
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terminus of titin is embedded in the Z-line while the C-terminus is attached at the M-line 
(Au, 2004).  The main function of titin during contraction is to maintain the alignment of the 
sarcomere (Maruyama et al., 1981; Trinick et al., 1984).  The passive force generated by titin 
repositions the thick filament in the center of the sarcomere after contraction or stretching of 
the sarcomere (Fukuda, Granzier, Ishiwata, & Kurihara, 2008; Granzier & Labeit, 2004).  
This repositioning of the thick filament maintains sarcomere length and the structural 
integrity of the sarcomere (Fukuda et al., 2008; Houmeida, Holt, Tskhovrebova, & Trinick, 
1996).  Because titin acts as a stabilizing force for the thick filament during contraction and 
is responsible for generating the resting tension that maintains the alignment of the 
sarcomere, disruption of titin may weaken the structural integrity of the myofibril and may 
play a role in postmortem tenderization. 
 
Z-line (Z-Disk) 
 The Z-line or Z-disk is the structure that represents the lateral boundaries of the 
sarcomere and acts as an anchoring site for the thick and thin filaments (Clark et al., 2002).  
The Z-line is responsible for maintaining the stability of the sarcomere and transmitting 
tension during contraction (Au, 2004).  The major protein component of the Z-line is α-
actinin; however the Z-line is a complex network of proteins (Faulkner, Lanfranchi, & Valle, 
2001). The main function of α-actinin is to act as an actin cross-linking protein (Blanchard, 
Ohanian, & Critchley, 1989).  α-Actinin is a 97 kDa protein that contains three major 
domains: a globular N-terminal actin-binding domain, a central rod domain composed of four 
spectrin-repeats, and a C-terminal domain that contains two calcium binding EF hand 
sequences (Clark et al., 2002).  Within the Z-line, α-actinin forms homodimers that are 
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positioned anti-parallel to each other.  The Z-line acts as an anchoring point for both the thin 
filament and the N- terminal end of titin filaments.  Dimers of α-actinin cross link these actin, 
nebulin, and titin filaments providing stability to the anchoring sites of the thin filament and 
titin (Clark et al., 2002).  Together, α-actinin and the other proteins associated with the Z-line 
provide tensile integrity to the Z-line and serve as additional docking sites for many of the 
contractile proteins (Au, 2004).  The structure of the Z-line is critical for maintaining 
sarcomeric stability and any break down of the Z-line structure would not only weaken the 
anchoring sites for titin and the thin filament, but would weaken the overall myofibrillar 
structure.  
Another protein that is associated with the Z-line is desmin.  Desmin surrounds the Z-
lines of the myofibril, linking adjacent myofibrils together (Lazarides, 1980; Richardson, 
Stromer, Huiatt, & Robson, 1981).  Desmin also connects the myofibrils to the muscle cell 
membrane known as the sarcolemma (Fuchs & Weber, 1994).  These connections to adjacent 
myofibrils and to the sarcolemma act to transmit the force of contraction from many 
individual myofibrils to a single muscle cell membrane.  These connections to adjacent 
myofibrils and to the sarcolemma also provide structural stability to the muscle cell and 
degradation of desmin can weaken the structure of muscle cells. 
 
M-line 
  The M-line is a structure located in the center of the sarcomere that, like the Z-line, 
functions in maintaining the stability of the sarcomere.  The M-line also acts as the anchoring 
site for titin and the thick filaments (Luther & Squire, 1978).  A number of proteins are 
associated with the M-line, including titin, myosin, and creatine kinase.  However, the major 
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structural proteins of the M-line are myomesin and M-protein.  Myomesin is a 185 kDa 
protein and M-protein is a 165 kDa protein and they share ~50% sequence homology 
(Obermann et al., 1996).  Additionally, both proteins can bind myosin and titin (Obermann, 
Plessmann, Weber, & Furst, 1995).  Within the M-line, the M-filaments, likely composed of 
titin and myomesin, run parallel to the thick filament (Furst, Obermann, & van der Ven, 
1999).  Five M lines, which run perpendicular to the M-filaments, have been identified with 
M1 located at the center (Furst et al., 1999).  Located on either side of the M1 line, at a 
distance of 22 nm, are the M4/M4’ lines. Located an additional 22 nm further out of M4´/M4 
lines are M6´/M6 lines.  Perpendicular to the M-lines and parallel to the M-filaments are a 
structure called the M-bridges.  Together these structures lend strength to the M-line and to 
the stability of the sarcomere.  Disruption to the proteins that provide the framework of the 
M-line could weaken the M-line structure along with the anchoring point of the thick 
filament.  
 
Changes in muscle architecture during postmortem storage 
 During the conversion of muscle to meat a number of changes occur that will cause 
the product to first toughen then tenderize.  These changes are caused by modifications to the 
proteins that make up the myofibril.  The changes in myofibril architecture that occur during 
postmortem storage can have a direct effect on postmortem tenderization.  Investigation into 
the postmortem modifications of these proteins is essential for understanding how proteolysis 
and other factors will affect the ultimate tenderness of a product.    
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Actin and Myosin 
 Actin and myosin are the two most abundant proteins in the myofibril.   Actin, the 
second most abundant protein, is the primary protein that comprises the thin filament.  In the 
myofibril, globular (G) actin polymerizes to form filamentous F-actin (dos Remedios et al., 
2003).  F-actin extends from the Z-disk in both directions where it interacts with myosin in 
the thick filament (Au, 2004).  Myosin, the most abundant protein in the myofibril, is the 
major protein forming the thick filament.  Early postmortem calcium is released by the 
sarcoplasmic reticulum and initiates contraction.  The sarco/endoplasmic reticulum Ca
2+
 
ATPase (SERCA), which pumps Ca
2+ 
back into the sarcoplasmic reticulum from the 
cytoplasm of the muscle cell, requires ATP to function (Martonosi & Pikula, 2003).  During 
the onset of rigor, ATP is used in order to maintain the SERCA pump and to allow the 
myosin head to release actin. As the stores of creatine phosphate and glycogen as used up for 
the rephosphorylation of ADP to ATP, the amount of available ATP is depleted. Without 
ATP to fuel the SERCA pump, Ca
2+
 will remain in the cytoplasm of the muscle cell and 
continue to initiate contraction.  Without available ATP to fuel the ATPase on the myosin 
head, myosin cannot release actin and as a result actin and myosin will form actomyosin 
crossbridges.   These actomyosin crossbridges are the same that are formed during muscle 
contraction, but because the myosin head cannot release actin, this process can be considered 
irreversible muscle contraction and is responsible for the shortening of the sarcomere during 
postmortem storage.  The structure of actomyosin in postmortem muscle may be an 
important contributor to tenderness after aging through the weakening of the actomyosin 
interaction after 24 h postmortem (Goll, Geesink et al., 1995; Goll et al., 1992).   It has been 
suggested that the weakening of the bond between actin and myosin could cause the 
  
11 
 
disruption of the actomyosin crossbridges and result in a more tender product (Goll et al., 
1992; Taylor, Geesink, Thompson, Koohmaraie, & Goll, 1995).   
 Traditionally, it has been accepted that actin does not undergo major changes during 
postmortem storage.  However, there is now evidence that some degradation of actin does 
occur during postmortem storage (Lametsch, Roepstorff, & Bendixen, 2002).  Fragments of 
actin have been observed using 2-dimensional electrophoresis on whole muscle extracts from 
the longissimus dorsi at 48 hours postmortem in pork (Lametsch et al., 2002).  In addition, 
fragments of actin have been detected from incubations of purified myofibrils with μ-calpain 
(Lametsch, Roepstorff, Moller, & Bendixen, 2004).  This indicates the actin may be a 
substrate of μ-calpain and some of the fragments generated by postmortem degradation of 
actin correspond in size with fragments produced during incubation with μ-calpain 
(Lametsch et al., 2004).  This suggests that μ-calpain may play some role in the degradation 
of actin that occurs during postmortem tenderization.  In addition, a greater abundance of 
some fragments of actin (32 and 28 kDa), observed to increase in abundance during the first 
72 hours postmortem in whole muscle extracts, were negatively correlated to shear force 
values in pork (Lametsch et al., 2003).  Degradation of actin may disrupt the formation and 
stability of the actomyosin complex, and as a result alter tenderness. 
 As with actin, myosin (both heavy and light chains) undergoes little change during 
postmortem storage.  However, degradation of myosin heavy chain has been detected during 
the first 72 hours of postmortem storage in whole muscle extracts of pork using 2-
dimensional electrophoresis (Lametsch et al., 2003; Lametsch et al., 2002).  In addition, 
degradation of myosin heavy chain and myosin light chain has been observed in purified 
myofibrils during incubation with μ-calpain (Lametsch et al., 2004).  Similar to actin, 
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degradation of myosin heavy and light chains may affect the integrity of the actomyosin 
complex and alter the tenderness of the product.  Because actin and myosin (heavy and light 
chain) comprise such a large portion of the myofibril and are vital to actomyosin stability, 
changes in these proteins must be considered when examining postmortem tenderization. 
 
Troponin-T 
Troponin-T is the subunit of the troponin complex that anchors the troponin complex 
to the thin filament by binding tropomyosin (Au, 2004).  Using 1-dimensional western 
blotting techniques, two degradation products of troponin-T have been identified as bands of 
protein at 30 and 28 kDa (Ho, Stromer, & Robson, 1994; Huff-Lonergan et al., 1996).  These 
degradation products of troponin-T have been detected as early as 24 hours postmortem (Ho 
et al., 1994; Huff-Lonergan et al., 1996).  Both the appearance of the degradation products 
and disappearance of intact troponin-T are strongly correlated to shear force values 
(Lonergan, Huff-Lonergan, Rowe, Kuhlers, & Jungst, 2001; Penny, Voyle, & Dransfield, 
1974; Rowe, Maddock, Lonergan, & Huff-Lonergan, 2004).  An greater intensity of the 30 
kDa of degradation product of troponin-T is also known to coincide with higher myofibril 
fragmentation index (MFI) values (Olson & Parrish, 1977).   Because MFI is related to the 
degradation of the myofibrillar protein during postmortem storage, a higher MFI indicates 
more myofibrillar protein degradation (Olson, Parrish, Dayton, & Goll, 1977).  Because of 
this troponin-T has been recognized an indicator of overall proteolysis during postmortem 
storage for many years (Macbride & Parrish, 1977; Olson et al., 1977; Penny et al., 1974).  
Troponin-T is also a substrate of the calpain system and incubation with µ-calpain can 
produce 30 kDa polypeptides (Olson et al., 1977).  Degradation of troponin-T may simply be 
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an indicator of overall tenderness, but it is also part of the complex that regulates actin-
myosin binding in skeletal muscle (Greaser & Gergely, 1971; Hitchcock, 1975).  Because of 
the regulatory activity of the troponin complex, postmortem degradation of troponin-T may 
alter the postmortem interactions of the actomyosin complex.  In addition, degradation of 
troponin-T may cause disruption of the proteins associated with the thin filament at the I-
band region, as is seen in bovine muscle during postmortem storage (Taylor, Geesink et al., 
1995).  Whether degradation of troponin-T causes disruption of the thick and thin filaments 
or if it is simply an indicator of overall tenderness, the postmortem alterations of troponin-T 
remain an important aspect of the investigation into the mechanism of postmortem 
tenderization.  
  
Desmin 
 Desmin plays an essential role in maintaining muscle architecture by forming a three-
dimensional scaffold around the myofibrillar Z-lines and by anchoring myofibrils to the 
sarcolemma (Paulin & Li, 2004).  Desmin also acts to transmit the force of contraction from 
the individual myofibrils to the muscle cell (Paulin & Li, 2004).  Because of these linkages, 
desmin is essential in maintaining the structural integrity of muscle cells (Li et al., 1997).  
Therefore, degradation of desmin may affect tenderness by disrupting the integrity of muscle 
cells.  During postmortem storage there is evidence of desmin degradation (Huff-Lonergan et 
al., 1996; Melody et al., 2004; Zhang, Lonergan, Gardner, & Huff-Lonergan, 2006) and the 
degradation product commonly seen is a 38 kDa polypeptide.  Desmin has also been linked 
to tenderness because more rapid desmin degradation has been observed in myofibrils from 
low shear force samples (Huff-Lonergan et al., 1996; Melody et al., 2004; Zhang et al., 
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2006).  Incubation with µ-calpain has also produced the 38 kDa degradation product seen 
during postmortem storage (Huff-Lonergan et al., 1996; Maddock-Carlin, Huff-Lonergan, 
Rowe, & Lonergan, 2006). Therefore, µ-calpain may play some role in the degradation of 
desmin during postmortem storage.  While it is still unclear whether the integrity of the 
muscle cell is disrupted by desmin degradation or if desmin degradation is merely an 
indicator of postmortem proteolysis, the postmortem alterations of desmin remain an 
important structural change during postmortem proteolysis. 
 
Titin and Nebulin 
Titin is a large protein that is important to the stability of the myofibril and as a result 
may play a key role in postmortem tenderization.  In addition to contributing to the 
framework of the myofibril, titin binds to a number of other proteins including calpain 3 (also 
known as p94) (Clark et al., 2002).  The location of calpain 3 binding to titin is managed by 
the contraction state of the muscle and in over-stretched muscles calpain 3 is localized at the 
N2 line, a narrow electron dense band that crosses the I band.  Titin is susceptible to 
postmortem proteolysis at the N2 line and degradation of this region has been associated with 
postmortem tenderization (Taylor, Geesink et al., 1995).  Postmortem degradation of intact 
titin (T1) results in a major degradation product (T2) that migrates to approximately 2400 kDa 
on SDS-PAGE (Huff-Lonergan, Parrish, & Robson, 1995).  The rate of conversion from T1 
to T2 has been shown to be slower in less tender samples compared to more tender samples in 
the longissimus dorsi of beef cattle (Huff-Lonergan et al., 1996; Huff-Lonergan et al., 1995).  
Due to the role of titin in living muscle tissue and its relationship to tenderness, degradation 
of titin could lead to weakening of the longitudinal structure of the sarcomere and as a result 
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improve tenderness.  Its remains an important protein in the investigation of the mechanism 
of postmortem degradation. 
Like titin, the size and position of nebulin in the myofibril may play an important role 
in its relationship to postmortem tenderization.  Due to the arrangement of nebulin along the 
thin filament it has been suggested that nebulin may aid in anchoring the thin filament to the 
Z-line (Komiyama, Zhou, Maruyama, & Shimada, 1992; Wang & Wright, 1988).  Therefore, 
the degradation of nebulin could damage the attachment site of the thin filament to the Z-line 
and weaken the overall integrity of the thin filament (Taylor, Geesink et al., 1995).  There is 
some evidence that degradation of nebulin is related to postmortem tenderization (Huff-
Lonergan et al., 1996; Huff-Lonergan et al., 1995; Taylor, Geesink et al., 1995), but the 
mechanism by which degradation of nebulin affects tenderness remains undefined. 
 
Phosphoglucomutase 1 
Phosphoglucomutase 1 is a 62 kDa enzyme formed by a monomer containing four 
domains (Dai, Ray, & Konno, 1992; Ray, Hermodson, Puvathingal, & Mahoney, 1983).  The 
active site of phosphoglucomutase 1 is located at serine 116, above a deep cleft in the 
monomer in which all four domains contribute to forming (Dai et al., 1992; Ray et al., 1983).  
Activation of phosphoglucomutase 1 is achieved through the phosphorylation of a threonine 
residue found at position 466 in humans (Gururaj, Barnes, Vadlamudi, & Kumar, 2004) and 
the presence of the metal ion, Mg
2+
, is essential for optimization of phosphoglucomutase 1 
activity (Milstein, 1961; Stickland, 1949).  In muscle tissue, phosphoglucomutase 1 catalyzes 
the interconversion of glucose-1-phosphate and glucose-6-phosphate through the 
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intermediate glucose-1,6-bisphosphate (Cori & Cori, 1936).  The substrates of the 
phosphoglucomutase 1 catalyzed reaction, glucose-1-phosphate and glucose-6-phosphate, are 
intermediates in metabolic pathways for glycolysis and gluconeogenesis (Scrutton & Utter, 
1968).  Additionally, in muscle tissue glucose-1-phosphate is converted to glycogen for 
energy storage and glucose-6-phosphate can be used to generate ATP through the glycolytic 
metabolic pathway (Scrutton & Utter, 1968).  Because the substrates of phosphoglucomutase 
1 are linked to energy storage and production of ATP, phosphoglucomutase 1 may play a 
pivotal role in the regulation of glycolysis.   The rate of glycolysis in postmortem muscle is 
known to affect the rate of postmortem pH decline by regulating the rate of lactic acid 
production (Hollung, Veiseth, Froystein et al., 2007).  Because the activation and activity of 
phosphoglucomutase 1 may play a role in the postmortem pH decline, characterizing the 
factors that will affect the activity of phosphoglucomutase 1 can help to define its role in 
postmortem tenderization.   
In postmortem muscle, activation phosphoglucomutase 1 can be affected by Ca
2+ 
concentration, pH, and denaturing agents.  During the conversion of muscle to meat, there is 
a rise in the Ca
2+
 concentration inside the muscle cell.  This increase in Ca
2+
 concentration is 
due to loss of functionality of the Ca
2+
 pump (SERCA) that removes Ca
2+
 from inside the 
muscle cell to the sarcoplasmic reticulum.  Incubation of Drosophila phosphoglucomutase 
with 2 mM Ca
2+
 decreased phosphoglucomutase activity to 70% of non-Ca
2+
-containing 
controls (Inoue, Kondo, Hinohara, Juni, & Yamamoto, 2003).  Because phosphoglucomutase 
activity can be decreased by incubation with Ca
2+
 it may be susceptible to the postmortem 
release of Ca
2+
 by the sarcoplasmic reticulum. 
  
17 
 
Another change in the postmortem muscle is that the production of lactic acid will 
result in a drop in the pH of the muscle tissue from near neutral to approximately 5.4-5.8.  
While outside the normal range found in meat, pre-incubation of crystalline 
phosphoglucomutase in acid (pH 3.5) or alkali (pH 10.5) conditions showed a two-fold 
increase in activation of phosphoglucomutase compared to pre-incubation at pH 7.0 
(Bocchini & Najjar, 1970).  Additionally, there was a steady decrease in the activity of 
phosphoglucomutase as the pH decreased from pH 6 to pH 4 (Bocchini & Najjar, 1970).   
However, in this study the rate of denaturation of phosphoglucomutase, as observed by a loss 
of activity, paralleled the rate of activation and suggests that activation of 
phosphoglucomutase by changes in pH were accomplished through controlled unfolding that 
provides access to the active site (Bocchini, Alioto, & Najjar, 1967; Bocchini & Najjar, 
1970).  This controlled unfolding of the phosphoglucomutase molecule has also been seen 
during incubation with denaturing agents.  Similar to pH, incubation of crystalline 
phosphoglucomutase with 3 to 7 M urea or 0.5 to 2 M guanidine hydrochloride increased the 
activation of phosphoglucomutase (Bocchini et al., 1967).  In addition, incubation with urea 
or guanidine hydrochloride altered the optical rotation of phosphoglucomutase, suggesting a 
change in the tertiary structure of the molecule occurred as a result of exposure to urea or 
guanidine hydrochloride (Bocchini et al., 1967).  Application of heat tended to increase 
phosphoglucomutase activity similar to both urea and guanidine hydrochloride.  These three 
denaturing agents alter the conformation of the phosphoglucomutase molecule and as a result 
increase enzyme activation (Bocchini et al., 1967).  However, in postmortem muscle tissue 
an important denaturing agent is a combination of low pH and high temperature (Kim, 
Lonergan, & Huff-Lonergan, 2010; Sammel et al., 2002; Tarrant & Mothersill, 1977).  
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Denaturing agents have been shown to alter phosphoglucomutase activation through 
alteration of the structure of enzyme.  Because a combination of low pH and high 
temperature has the ability to denature protein in may affect phosphoglucomutase activation 
and activity. 
 In addition to the influence of different factors on phosphoglucomutase activation and 
activity in postmortem muscle, there is evidence of a link between phosphoglucomutase and 
growth.  Cattle that are homozygous for an 11 base pair deletion in the myostatin gene 
exhibit an increase in the total number of muscle fibers (hyperplasia) referred to as double 
muscling (McPherron & Lee, 1997).  This is a naturally occurring mutation that can be found 
in Belgian blue cattle.  Bouley et al. (2005) compared the protein profile of Belgian blue 
cattle that were homozygous for this mutation (double muscled) to the protein profile of 
control homozygous non-double muscled Belgian blue cattle and detected a greater 
abundance of phosphoglucomutase in double muscled cattle.  In addition to an increase in the 
abundance of phosphoglucomutase, the double muscled cattle displayed an increase in the 
percentage of the type IIx muscle fibers and a decrease in the percentage of the type I muscle 
fibers (Bouley et al., 2005).  Muscle fiber type differs across muscles (Kirchofer, Calkins, & 
Gwartney, 2002) and is related to tenderness in beef.  Muscles with a predominately type I 
fiber type have smaller fiber diameters, longer sarcomere lengths, and lower shear force 
values than muscles that were composed primarily of type II fibers (Herring, Cassens, & 
Briskey, 1965; Hwang, Kim, Jeong, Hur, & Joo, 2010).  A greater abundance of 
phosphoglucomutase is also seen using 2-dimensional electrophoresis in the semitendinosus 
of lambs from sires selected with high estimated breeding values for muscling when 
compared to the semitendinosus lambs from sires selected with industry-neutral estimated 
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breeding values for muscling (McDonagh, Ferguson, Bacic, Gardner, & Hegarty, 2006).  
However, the increase in the abundance of phosphoglucomutase in lambs was not 
accompanied by a shift in the fiber type of the semitendinosus (Herring et al., 1965; Hwang 
et al., 2010).  In addition to muscling, a greater abundance of phosphoglucomutase is also 
seen in the semitendinosus of lambs from sires selected with high estimated breeding values 
for growth rate when compared to the semitendinosus lambs from sires selected with 
industry-neutral estimated breeding values for muscle growth rate (McDonagh et al., 2006).  
The relationship between phosphoglucomutase and growth is also seen in cells with an over-
expression of phosphoglucomutase, which had a two-fold increase in growth rate over 
phosphoglucomutase deficient cells that could not express phosphoglucomutase (Gururaj et 
al., 2004).  The greater abundance of phosphoglucomutase in muscle exhibiting an increased 
growth rate may be the result of a shift toward anaerobic glycolytic metabolism and cause a 
transition in the muscle fiber type.  A number of factors play a role in the regulation of 
phosphoglucomutase, but understanding how variations in abundance, phosphorylation, 
activation and activity of phosphoglucomutase 1 may help to better define its role in 
postmortem tenderization.  
 
Factors affecting tenderness 
The conversion of muscle to meat is marked by a number of changes.  First is the 
depletion of available energy.  As the muscle tissue attempts to maintain homeostasis it will 
attempt to continue to produce energy in the form of ATP.  Muscle will first utilize creatine 
phosphate to rephosphorylate ADP to ATP.  Once creatine stores are depleted, the catabolism 
of glycogen provides energy through the glycolytic metabolic pathway (Hamm, 1977).  As 
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aerobic metabolism through the TCA cycle and electron transport chain begin to fail, 
conditions favor the production of lactic acid.  Without a steady supply of oxygen from the 
blood there will also be a shift from aerobic metabolism (TCA cycle and electron transport 
chain) to anaerobic metabolism (lactic acid fermentation).  During anaerobic metabolism, 
pyruvate is generated through glycolysis and converted to lactic acid.  In living muscle tissue, 
lactic acid helps to slow acidosis, muscle fatigue and as a substrate for metabolism by the 
mitochondria (Robergs, Ghiasvand, & Parker, 2004).  However in postmortem muscle tissue, 
mitochondria are only able to function for short time because they are susceptible to 
degradation by the caspases (Laville et al., 2009).  Without the blood supply or functioning 
mitochondria to remove lactic acid from the muscle, a drop in the pH to approximately 5.4-
5.8 occurs in the muscle tissue.  This is accompanied by a rise in ionic strength and the 
failure to maintain reducing conditions within the muscle (Huff-Lonergan, Zhang, & 
Lonergan, 2010).  These changes create a myriad of effects on the proteins of the muscle cell.   
Changes occurring as a result of the conversion of muscle to meat, including a decline 
in pH, shortening of the sarcomere, and a release of Ca
2+
 from the sarcoplasmic reticulum, 
cause a toughening and subsequent tenderization of postmortem muscle tissue (Koohmaraie, 
1996).  While there is considerable variation in the amount of toughening and tenderization 
(Koohmaraie, 1996), the tenderizing effect is important because consumers rate tenderness as 
the primary sensory trait considered when they are making purchasing decisions (Mennecke, 
Townsend, Hayes, & Lonergan, 2007).  Consumers are also willing to pay a premium in 
order to purchase a consistently tender product (Boleman et al., 1997; Miller, Carr, Ramsey, 
Crockett, & Hoover, 2001; Platter et al., 2005).  The effect of postmortem tenderization is 
hypothesized to be the result of degradation and weakening of the myofibril proteins (Goll et 
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al., 1992; Kendall, Koohmaraie, Arbona, Williams, & Young, 1993), but that is not the only 
factor that affects postmortem tenderization during aging.  It has been suggested that three 
major factors, the amount and solubility of connective tissues, sarcomere shortening during 
rigor development, and proteolysis during postmortem aging, determine meat tenderness 
during aging (Koohmaraie, Doumit, & Wheeler, 1996; Koohmaraie & Geesink, 2006; 
Wheeler & Koohmaraie, 1994).  Proteolysis of proteins is recognized as the factor 
responsible for tenderization development during postmortem aging while connective tissue 
and sarcomere length determine the initial toughness of a cut (Koohmaraie, 1996; Wheeler & 
Koohmaraie, 1994).  However, the determination of the tenderness during aging of fresh 
meat can be affected by lipid content, temperature, pH and muscle fiber type.    
 
Connective tissue 
Connective tissues are integral components of muscle that transmit contractive forces 
from the myofibrils to the bones required for locomotion (McCormick, 1994).  Connective 
tissue can be separated into three groups, endomysium (surrounds muscle cells and fibers), 
perimysium (surrounds muscle fiber bundles) and epimysium (surrounds the entire muscle).  
The perimysium is the most significant of the three types of connective tissue because the 
organization and amount of perimysium within a muscle has been correlated to tenderness in 
beef (Strandine, Koonz, & Ramsbottom, 1949; Swatland, Gullett, Hore, & Buttenham, 1995).  
The amount of connective tissue varies tremendously between muscles, species, breeds, and 
with animal age (Nishimura, 2010; Shackelford, Wheeler, & Koohmaraie, 1995).  The 
amount connective tissue is also principally responsible for establishing the background 
toughness of meat (Wheeler & Koohmaraie, 1994) and differences in shear force values has 
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been contributed to the amount connective tissue in muscles (like the semimembranosus and 
biceps femoris) that have a high connective tissue content (Harper, 1999; Ramsbottom & 
Strandine, 1948).   
Collagen is the main protein of connective tissue in animals and the most abundant 
protein in mammals, making up approximately ~25% of the total protein content (Di Lullo, 
Sweeney, Korkko, Ala-Kokko, & San Antonio, 2002).  Over 90% of the intramuscular 
collagen in meat is located in the perimysium (McCormick, 1994).  During cooking, heat-
insoluble collagen forms cross-links that have been associated with an increase the toughness 
of beef (Torrescano, Sanchez-Escalante, Gimenez, Roncales, & Beltran, 2003).  Soluble 
collagen does not form these cross-links during heating and as a result less of the 
intramuscular connective tissue will remain as a resistant framework in cooked meat (Young 
& Dobbie, 1994).  Previous studies have observed that decreased amount of soluble collagen 
is correlated to higher shear force values and tougher meat in lamb and beef (Dikeman, 
Tuma, & Beecher, 1971; Hill, 1966; Young & Braggins, 1993).  While collagen solubility 
decreases as animals get older (Robins, Shimokomaki, & Bailey, 1973), postmortem aging 
increases collagen solubility (Li, Zhou, & Xu, 2008; Palka, 2003).  During 12 days of 
postmortem aging in beef, the amount of soluble collagen in the raw semitendinosus muscle 
at 12 days of postmortem was two times higher than at five days postmortem (Palka, 2003).  
As a result, the shear force values of the semitendinosus after roasting were lower for beef 
aged for 12 days postmortem than beef aged for five days postmortem (Palka, 2003).  The 
amount of connective tissue establishes the background toughness in meat, but some of 
background toughness can be reduced by the increase in collagen solubility that occurs 
during postmortem aging. 
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Sarcomere length 
The sarcomere is the basic contractile unit of the myofibril and during contraction the 
sarcomere can shorten to approximately 70% of its original length (Au, 2004).  In 
postmortem muscle, there is a release of calcium from the sarcoplasmic reticulum that 
initiates muscle contraction.  When the troponin complex of the thin filament binds calcium, 
there is a conformational shift that results in the uncovering of the myosin binding sites 
located on actin and this allows the thick filament to form cross-bridges with the thin 
filament (Perry, 1999).  During contraction the myosin interacts with actin, undergoes a 
rotation and completes a “power stroke” that pulls the thin filaments toward the M-line and 
shortens the length of the sarcomere (Vale & Milligan, 2000).  The ATPase enzyme of the 
myosin head would then hydrolyze a molecule of ATP to release myosin from actin and 
allow further shortening of the sarcomere can occur.  As the postmortem muscle continues to 
produce energy (ATP), it will utilize creatine phosphate, and glycogen stores to 
rephosphorylate ADP to ATP (Hamm, 1977).  When the muscle can no longer produce ATP 
then the myosin head cannot release from actin and forms actomyosin crossbridges.  Because 
the myosin cannot release actin, the muscle stays in a contracted state and has a shortened 
sarcomere length.  In the longissimus thoracis et lumborum of sheep the decrease in 
sarcomere length can go from approximately 2.24 μm at death to 1.69 μm at 24 hours 
postmortem (Wheeler & Koohmaraie, 1994).   
During the first 24 hours postmortem there is an increase in shear force value that 
corresponds to the decrease in sarcomere length (Wheeler & Koohmaraie, 1994).  A study by 
Koohmaraie et al. (1996) was able to illustrate the connection between the shortening of the 
sarcomere and the toughening process during rigor development by clamping muscles 
  
24 
 
between three sets of metal plates to prevent shortening of the sarcomere.  Koohmaraie et al. 
(1996) was able to show that the clamped muscles did not have a detectable change in 
sarcomere length or shear force value during the first 24 hours postmortem.  This illustrates 
that when the sarcomere shortening is prevented the toughening process that occurs in the 
first 24 hours postmortem is also prevented.  This provides evidence that the shortening of 
the sarcomere (rigor shortening) is responsible the toughening process that occurs in the first 
24 hours postmortem during rigor development.  Shortening of the sarcomere decreases 
tenderness by increasing the overlap of the thick and thin filaments of the myofibril.  There 
have been a number of studies that have demonstrated that muscles with sarcomeres over 2.0 
μm, through less shortening during rigor development or by stretching, are more tender than 
muscles with shorter sarcomere lengths (Bouton, Harris, Shorthose, & Baxter, 1973; Herring, 
Cassens, Suess, Brungard, & Briskey, 1967; Marsh & Leet, 1966).   
There is also evidence that the sarcomere length can influence postmortem 
degradation of proteins.  Weaver et al. (2008) compared the sarcomere lengths and troponin-
T degradation of stretched or contracted strips of beef semitendinosus.  Strips with greater 
sarcomere lengths (stretched) had lesser shear force values and an earlier appearance (~ 3 
days) of the 30 kDa degradation product of troponin-T (Weaver et al., 2008).  When 
myofibrils from stretched or contracted strips of beef semitendinosus were incubated with μ-
calpain, the strips with greater sarcomere lengths (stretched) had lesser abundance of intact 
troponin-T (Weaver, Bowker, & Gerrard, 2009).  Data from these studies indicate that 
proteolysis of troponin-T occurs to a greater extent in samples with longer sarcomeres.  It has 
been hypothesized that this increased degradation is due to easier access of proteases to their 
substrates, which results from a more accessible structure of thick and thin filaments in 
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samples with greater sarcomere lengths (Weaver et al., 2008, 2009).  In addition to the 
effects of sarcomere length and connective tissue, there is also evidence that lipid content, 
pH, temperature, and fiber type can influence postmortem tenderization.   
 
Lipid content 
Previous studies defining the relationship between lipid content (intramuscular fat) 
and tenderness have exhibited conflicting results.  Armbruster et al. (1983) reported that 
intramuscular fat had very little contribution to sensory tenderness in beef.  In contrast, Ueda 
et al. (2007) found a strong correlation (r = -0.83) between fat content and shear force value 
in Wagyu beef.  One key difference between these two studies is that Armbruster et al.(1983) 
used beef with fat ranging from 2 to 18%, which was lower than the 4.8 to 39% used by 
Ueda et al. (2007).  However, the range used by Armbruster et al.(1983) is more 
representative of low Select to low Prime cattle that are typically seen in the United States, 
which range from approximately 2.3 to 12.1% intramuscular fat (Wilson, Rouse, & Greiner, 
1998).  While there is inconsistency in establishing the relationship between lipid content and 
tenderness, studies within the range of most market cattle in the U.S. have tended to show 
small positive relationships to tenderness (Armbruster et al., 1983; Pearson, 1966; Smith, 
Berry, Savell, & Cross, 1988).  Other studies, which had more variation in lipid content, 
showed stronger relationships to tenderness using Angus x Hereford or Wagyu steers (May, 
Dolezal, Gill, Ray, & Buchanan, 1992; Ueda et al., 2007).  This is because increased lipid 
content is thought to improve tenderness due to disruption of the structure of intramuscular 
connective tissue by adipose tissue deposits (Nishimura, Hattori, & Takahashi, 1999).  
However, this disruption by the adipose tissue deposits is mostly hypothesized to occur at 
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marbling levels greater than 8% intramuscular fat (Nishimura et al., 1999).  While the precise 
contribution of lipid content to tenderness is unclear, it continues to be an area of interest in 
meat quality.   
 
Temperature and pH 
Temperature and pH can both affect postmortem tenderization during storage of beef.  
Temperature is the main concern in thaw rigor and cold shortening in beef, two conditions 
where carcasses are chilled rapidly to below 15°C before the onset of rigor.  In thaw rigor, 
muscles are frozen before the onset of rigor and the ATPase of the myosin head and the 
SERCA pump are not able to function at that temperature.  Because these processes cannot 
function, some glycogen remains in the muscle and is available for energy production.  When 
frozen, ice crystals form and perforate the sarcoplasmic reticulum, which contains calcium 
needed for contraction.  Upon thawing there is a surge of calcium into the myofibril and due 
to the available glycogen for ATP production, severe contraction (~80% of original length) 
occurs (Savell, Mueller, & Baird, 2005).  In cold shortening, muscles are chilled to below 
15°C (but above freezing) before the onset of rigor and glycogen in the muscle is still 
available for energy production.  At this temperature, the calsequestrin in sarcoplasmic 
reticulum cannot function properly and is unable to bind calcium.  As a result, there is an 
abundance of calcium in the sarcoplasm of the muscle that will initiate contraction.  Because 
there is still ATP left in the muscle, the muscle continues to contract and decreases the length 
of the sarcomere (Savell et al., 2005).  This results in an additional 20-60% decrease the 
sarcomere length and causes toughening of the meat (Locker & Hagyard, 1963; Marsh & 
Leet, 1966).   
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Numerous studies have established that variations in ultimate pH can alter the sensory 
attributes of the product, including color, water holding capacity, shear force, and sensory 
juiciness (Bidner et al., 2004; Panea et al., 2008; Zhang, Farouk, Young, Wieliczko, & 
Podmore, 2005).  In normal postmortem beef muscle tissue the pH drops to approximately 
5.4-5.8 at 24 hours postmortem.  A pH lower than that normally found in muscle tissue is 
closer to the isoelectric point of muscle tissue (~5.2).  The isoelectric point is the pH at which 
myofibrillar proteins have a net charge of zero.  Because water is a polar molecule it binds to 
the positive or negative charges on the myofibrillar proteins.  The result of this shift toward 
the isoelectric point is that less water can bind within the myofibrils and will be expelled 
from the muscle during postmortem storage.  This loss of water reflects a lower water 
holding capacity, lower sensory juiciness, and can cause a paler appearance by reflecting 
light due to water on the surface of muscle tissue or shrinking myofibrils.  In contrast, muscle 
tissue with a higher pH will have a higher water holding capacity, increased sensory 
juiciness, and a darker appearance due to the light being absorbed by the muscle tissue.  
However, ultimate pH of a product is not the only factor of the pH decline that will affect 
quality.  Beef products with a mid range pH decline (~6.0) at 3 hours postmortem have more 
acceptable tenderness than those with either high or low pH at 3 hours postmortem (Marsh, 
Lochner, Takahashi, & Kragness, 1981; Marsh, Ringkob, Russell, Swartz, & Pagel, 1987; 
Simmons et al., 2008).   
The pH decline and ultimate pH of a product will also alter the interaction of 
calpastatin with the calpain system and can affect the activity of m- and μ-calpain (Maddock-
Carlin et al., 2006; Maddock, Huff-Lonergan, Rowe, & Lonergan, 2005; Melody et al., 2004; 
Simmons et al., 2008).  Maddock-Carlin et al. (2006) examined the in vitro activity of m- and 
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μ-calpain and calpastatin inhibition of m- and μ-calpain at pH 6.0, 6.5, and 7.5.  m-Calpain 
had the greatest activity at pH 7.5.  As pH decreased there was a corresponding decrease in 
the activity of m-calpain and at pH 6.0 no measureable m-calpain activity was observed 
(Maddock-Carlin et al., 2006).  The greatest μ-calpain activity was observed at pH 6.5 while 
the least μ-calpain activity was observed at pH 6.0.  μ-Calpain activity at pH 7.5 was greater 
than that seen at pH 6.0, but lower than at pH 6.5 (Maddock-Carlin et al., 2006).  These 
results were similar to those obtained by Maddock et al. (2005).  Calpastatin inhibition of μ-
calpain was not affected by variations in pH form pH 7.5 to pH 6.0 (Maddock-Carlin et al., 
2006; Maddock et al., 2005).  However, calpastatin inhibition of m-calpain at the ionic 
strength of 165mM NaCl was greater at pH 6.5 than 7.5 (Maddock et al., 2005).  These 
studies show that the activity of μ-calpain and calpastatin are susceptible to changes in the 
pH.  Because of this, differences in postmortem pH may alter protein degradation and 
postmortem tenderization.   
The rate of pH decline can also affect the activity of the calpain system.  A faster rate 
of pH decline will decrease μ-calpain activity and increase autolysis of μ-calpain (Pomponio, 
Ertbjerg, Karlsson, Costa, & Lametsch, 2010; Rosenvold, Borup, & Therkildsen, 2010).  
Together these effects will result in an earlier inactivation of μ-calpain.  In some cases a 
faster rate of pH decline can influence proteolysis and postmortem tenderness in meat by 
producing denaturing conditions for muscle proteins.  Pale, soft, and exudative (PSE) meat 
occurs due to a combination of a low pH (~5.8 or below at 1 hour postmortem) and a higher 
temperature early postmortem and can produce denaturing conditions for muscle proteins 
(Trout, 1993).  A faster pH decline can lower the pH of muscle tissue while the temperature 
of a carcass is still high.  This combination of low pH and a high temperature can denature 
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proteins, causing loss of functionality, and can produce an adverse effect on tenderness, 
water holding capacity, color stability and overall palatability (Geesink, Mareko, Morton, & 
Bickerstaffe, 2001; Koh, Bidner, McMillin, & Hill, 1987; Ledward, Dickinson, Powell, & 
Shorthose, 1986).  Meat that is subjected to denaturing conditions consisting of a low pH and 
high temperature during the pre-rigor period has a lower μ-calpain activity than meat stored 
under standard storage conditions (Simmons et al., 2008).  Protein denaturing conditions can 
also be seen in larger muscles of the round that have undergone standard modern chilling 
techniques.  The portion of the large muscles of the round located in the center of the carcass 
(deep tissue) cools at a slower rate than the surrounding surface (superficial) tissue.  An 
example of the difference in chill rates is that the superficial region of the semimembranosus 
chills to 2°C approximately 12 hours faster than the deep region of the semimembranosus 
(Follett, Norman, & Ratcliff, 1974).  The higher temperature of the deep region in 
combination with a normal decline in pH has the ability to denature protein.   
Autolysis of μ-calpain is considered to be a hallmark of μ-calpain activation in 
postmortem muscle because μ-calpain that has undergone autolysis has previously been 
active.  The deep region of the semimembranosus has been shown to have less autolyzed μ-
calpain than the superficial region of the semimembranosus, indicating less μ-calpain had 
been activated in the sample with denaturing conditions (Kim et al., 2010).  Additionally the 
increased protein denaturation in deep region of the semimembranosus resulted in minimal 
proteolysis of desmin and troponin-T by negatively affecting μ-calpain activation (Kim et al., 
2010).  Protein denaturation, specifically in muscles with slow cooling rates, may help to 
explain some of the variation in proteolytic activity.  These studies help to illustrate that 
temperature and pH can affect postmortem tenderization during storage of beef by number of 
  
30 
 
methods including thaw rigor, cold shortening, denaturation of muscle proteins and the direct 
effects of pH on the activity of the calpain system.   
 
Muscle fiber type 
The fiber type of the muscle can also affect tenderness through changes in fiber 
diameter and by altering pH of the muscle.  Muscle fibers can be classified into four main 
classes (type I, type IIa, type IIx, and type IIb).  Fiber type is commonly defined by ATPase 
activity (Picard, Duris, & Jurie, 1998) or myosin heavy chain isoform (Picard et al., 1999).  
At 3 min postmortem, type I fibers, as classified by myosin heavy chain isoform, were shown 
to have a lower ATPase activity than type IIa, type IIx and type IIb fibers (Bowker, Botrel, 
Swartz, Grant, & Gerrard, 2004).  Type IIx and type IIb fibers were shown to have the 
highest ATPase activity at 3 min postmortem while type IIa fibers were intermediate for 
ATPase activity (Bowker et al., 2004).  This study shows that similar classification of muscle 
fiber type can be made by either ATPase activity or myosin heavy chain isoform. Variation 
in the myosin heavy chain isoform is also generally accompanied by variation in the isoforms 
of other structural proteins including tropomyosin, troponin, and myosin light chain (Choi & 
Kim, 2009; Oe, Nakajima, Muroya, Shibata, & Chikuni, 2009).  Changes in the isoforms of 
structural proteins   
Type I (slow twitch, red) fibers are characterized as oxidative fibers that have a low 
glycogen content, a small fiber diameter, and a slow contraction speed.  Like type I fibers, 
type IIa fibers are characterized as oxidative fibers that have a low glycogen content and a 
small fiber diameter.  However, type IIa fibers have an intermediate contraction speed that is 
faster than the slow contraction speed of type I fibers.  Type IIx fibers are glycolytic fibers 
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that have a high glycogen content, a large fiber diameter, and an intermediate contraction 
speed.  Type IIb (fast twitch, white) fibers are characterized as glycolytic fibers that have a 
high glycogen content, the largest fiber diameter, and a fast contraction speed (Choi & Kim, 
2009; Lee, Joo, & Ryu, 2010).  Type I and type IIa fibers also have a greater myoglobin 
content, a large number of mitochondria, and a greater lipid content compared to type IIx and 
type IIb fibers which have a lesser myoglobin content, a lesser number of mitochondria, and 
a lesser lipid content (Choi & Kim, 2009; Lee et al., 2010).   
Muscles that have a higher percent of type II fibers have a lower postmortem pH due 
to the higher glycogen content found in type II fibers (Choi, Ryu, & Kim, 2006).   Muscle 
fiber type is also related sarcomere length and tenderness in beef.  Muscles with a 
predominately type I fiber type have smaller fiber diameters, longer sarcomere lengths, and 
lower shear force values than muscles that were composed primarily of type II fibers 
(Herring et al., 1965; Hwang et al., 2010).  Additionally, a study by Calkins et al. (1981) 
observed that the percentage of type IIb fibers was negatively correlated to sensory 
tenderness in beef.  These studies illustrate that muscle fiber type can affect the pH, 
sarcomere length and sensory tenderness of meat.  Because muscle fiber type can affect the 
pH and sarcomere length and influence the isoforms of structural proteins, the fiber type of 
muscle tissue can play a role in the development of tenderness during postmortem storage.  
 
Postmortem proteolysis 
Postmortem proteolysis is the primary factor responsible for tenderness development 
during postmortem aging.  By degrading muscle proteins, proteases weaken the overall 
structure of the myofibril, and as a result increase tenderization (Veiseth-Kent, Hollung, 
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Ofstad, Aass, & Hildrum, 2010).  There are a number of endogenous proteases that have 
been shown to have some activity during postmortem storage of meat.  While these include 
caspases, cathepsins and the proteasome, the calpain system, specifically µ-calpain, is 
responsible for the majority of the postmortem proteolysis of muscle proteins associated with 
tenderness (Geesink, Kuchay, Chishti, & Koohmaraie, 2006; Huff-Lonergan et al., 2010).   
 
The calpain system  
 The calpain system is comprised of 14 known isoforms of the cysteine protease, 
calpain, and their specific competitive inhibitor calpastatin (Goll, Thompson, Li, Wei, & 
Cong, 2003).  All members of the calpain superfamily contain homologous protease 
domains. This suggests that these molecules form a distinct group that is evolutionarily 
different from other cysteine proteases (Berti & Storer, 1995).  The calpain superfamily can 
be divided into three categories based on their tissue distribution and domain configuration. 
The three categories of the calpain superfamily are the ubiquitous calpains (μ- and m-
calpain), tissue specific calpains and atypical calpains (Ono, Sorimachi, & Suzuki, 1998; 
Sorimachi, Ishiura, & Suzuki, 1997).  The ubiquitous calpains are characterized by being 
found throughout the body and having four domains in their large subunit.  As the name 
suggests, tissue specific calpains are found only in certain tissues of the body.  Two examples 
of tissue specific calpains are calpain 3, which is specific to skeletal muscle tissue, and 
calpain 8, which is specific to stomach tissue (Sorimachi et al., 1997).  The atypical calpains 
are generally found lower organisms such as insects, nematodes, fungi and yeast but can be 
found in some mammalian species.  They are classified as atypical because they lack one or 
more of the four domains typically found in calpain molecules (Ono et al., 1998; Sorimachi 
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et al., 1997).  The main isoforms of calpain that may be involved in postmortem proteolysis 
are the ubiquitous calpains, m- and μ-calpain, and the muscle specific calpain 3 (p94).  Both 
m- and μ-calpain are heterodimers comprised of two subunits, an 80 kDa catalytic subunit, 
and a 28 kDa regulatory subunit.  The 80 kDa subunit of m- and μ-calpain share 50-60% of 
their sequence homology while the 28 kDa subunits are identical in humans and cattle(Ohno 
et al., 1990).  The 80 kDa subunit is divided into four domains: domain I: N-terminal 
domain; domain II: catalytic domain containing cysteine residue; domain III: contains 
calcium binding EF hand sequences; domain IV: calmodulin-like domain (Goll et al., 2003).  
In domain II of μ-calpain, the cysteine residue (115), histidine residue (272) and asparagine 
residue (296) form the catalytic triad that is characteristic of cysteine proteases.  Calcium 
binding to multiple sites in domain II of m and μ-calpain, reduce the distance between the 
cysteine residue (105), the histidine residue (262), and asparagine residue (286) from 10.5 Å 
to 3.7 Å and as a result activates proteolytic activity of the calpains (Goll et al., 2003).  
Regions of domain III and domain IV in the 80 kDa subunit have been predicted to be EF 
hand sequences and bind to calcium.  The 28 kDa subunit is comprised of two domains: 
domain V (N-terminal domain of the small subunit) and domain VI (calcium binding or 
calmodulin-like domain (Goll et al., 2003).   
 Both m- and μ-calpain require calcium for activation and are named in reference to 
their differing calcium requirements.  m-Calpain requires approximately 300-1000 μM Ca2+ 
for half maximal activity while μ-calpain requires between 5 and 65 μM Ca2+ for half 
maximal activity (Cong, Goll, Peterson, & Kapprell, 1989; Goll et al., 1992).  In living 
skeletal muscle the calcium concentration can range from 50-300 nM (Maravall, Mainen, 
Sabatini, & Svoboda, 2000).  While calcium required for activation, m- and μ-calpain will 
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undergo autolysis, or self-degradation, in the presence of calcium (Suzuki, Tsuji, Ishiura et 
al., 1981; Suzuki, Tsuji, Kubota, Kimura, & Imahori, 1981).  Autolysis reduces the molecular 
weight of the 80 kDa subunit of μ-calpain to 76 kDa through a 78 kDa intermediate by 
cleavage of the N-terminal end (Zimmerman & Schlaepfer, 1991).  In m-calpain, N-terminal 
cleavage of 19 amino acid residues during autolysis reduces the 80 kDa subunit to a 78 kDa 
fragment (Brown & Crawford, 1993).  Autolysis of the 28 kDa regulatory subunit results in 
an 18 kDa fragment (McClelland, Lash, & Hathaway, 1989).  When autolyzed, the calcium 
requirement for activation of m- and μ-calpain is decreased.  In m-calpain the calcium 
requirement for half maximal activity is reduced to 50-150 μM Ca2+ and in μ-calpain the  
calcium requirement for half maximal activity is reduced to 0.5- 2.0 μM Ca2+ (Goll, 
Thompson, Taylor, Edmunds, & Cong, 1995).  Only the Ca
2+
 concentration of autolyzed μ-
calpain is within the physiological range of living cells.  Additionally, extended autolysis will 
lead to inactivation of both m- and μ-calpain (Edmunds, Nagainis, Sathe, Thompson, & Goll, 
1991).  While the biological significance of autolysis is still unknown the presence of 
autolyzed calpain indicates previous activation of that enzyme in postmortem muscle.    
There is considerable evidence that μ-calpain plays a key role in degradation of the 
myofibrillar proteins that are associated with tenderness (Hopkins & Thompson, 2002; Huff-
Lonergan et al., 1996; Koohmaraie, Kent, Shackelford, Veiseth, & Wheeler, 2002).  μ-
calpain knockout mice provide evidence that with no μ-calpain present, little to no 
degradation occurs in proteins that are linked to postmortem tenderization (Geesink et al., 
2006).  Additionally, the pattern of protein degradation seen during postmortem storage of 
muscles can be mimicked by incubation of myofibrillar proteins with both m- and μ-calpain 
(Koohmaraie & Geesink, 2006).  Casein zymograms of m- and μ-calpain from muscle tissue 
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that was incubated at pH 5.8 provided evidence that μ-calpain remained active in postmortem 
muscle for 24 hours postmortem while m-calpain displayed little to no activity at pH 5.8 
during the same time period (Camou, Marchello, Thompson, Mares, & Goll, 2007).  The 
relationship between μ-calpain and postmortem proteolysis is well established and μ-calpain 
continues to be important proteins in tenderness research. 
 Calpastatin, the competitive specific inhibitor of m- and μ-calpain, contains four 
repeated domains of 140 amino acids and an N-terminal domain (Emori, Kawasaki, Imajoh, 
Minami, & Suzuki, 1988; Maki et al., 1988).  The four repeated domains differ in their 
ability to inhibit either m- or μ-calpain (Kawasaki, Emori, Imajoh-Ohmi, Minami, & Suzuki, 
1989).  Domain I is the most effective at inhibiting either m- or μ-calpain while domain II is 
the least effective.  Both domain IV and domain III have an intermediate ability to inhibit 
either m- or μ-calpain with domain IV being more effective than domain III (Kawasaki et al., 
1989).  Each of the four repeated domains consists of three subdomains A, B, and C (Goll, 
Thompson, Taylor, Ouali, & Chou, 1999).  Neither subdomain A nor subdomain C has any 
inhibitory activity, but subdomain B is essential for calpain inhibition (Wendt, Thompson, & 
Goll, 2004).  Calpastatin peptides containing only subdomain B cannot prevent calpain from 
binding to the cell membranes, but they can slow the rate of calpain autolysis (Kawasaki, 
Emori, & Suzuki, 1993).  However, the combination of subdomain B with either subdomain 
A or subdomain C had inhibitory activity ranging from 10–80%, which was similar to 
inhibitory activity of a complete domain containing subdomains A, B, and C (Ma, Yang, 
Takano, Hatanaka, & Maki, 1994).  Subdomains A and C interact with E-F hand regions on 
domains IV and VI of the calpain molecule to increase the overall interaction between 
calpain and calpastatin (Hanna, Campbell, & Davies, 2008).  In addition to inhibiting calpain, 
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calpastatin is a substrate of the calpain system (Doumit & Koohmaraie, 1999; Mellgren, 
Mericle, & Lane, 1986).  After 72 hours of postmortem storage at 4°C, intact calpastatin (130 
kDa) is almost completely degraded (Doumit & Koohmaraie, 1999).   
Degraded calpastatin may retain some inhibitory activity (DeMartino, Wachendorfer, 
McGuire, & Croall, 1988).  Each of the four domains of calpastatin, containing an ABC 
region, has been shown to retain the ability to inhibit calpain (Kawasaki et al., 1989).   
Doumit & Koohmaraie (1999) digested purified ovine calpastatin with m-calpain, μ-calpain, 
cathepsin B, proteasome, trypsin, or chymotrypsin to determine the protease(s) responsible 
for degradation of muscle calpastatin during postmortem storage.  The degradation pattern of 
calpastatin that was digested by m- and μ-calpain closely resembled that of calpastatin 
degradation in postmortem muscle (Doumit & Koohmaraie, 1999).  Degradation of 
calpastatin into four polypeptides containing one of the four repeated ABC regions would 
enable calpastatin to inhibit four calpain molecules rather than one.  This further degradation 
of calpastatin into its subdomains would cause calpastatin to lose its inhibitory ability.   
Calcium is required for calpastatin to bind and inhibit the calpains (Otsuka & Goll, 
1987).  Calpastatin binding of calpain is reversible and the calcium requirement is dependent 
on the calpain molecule being bound (Kapprell & Goll, 1989).  The calcium requirement for 
the calpastatin/calpain interaction is significantly lower than that necessary to initiate 
proteolytic activity for all forms of calpain except unautolyzed μ-calpain (Kapprell & Goll, 
1989). There is no evidence that calpastatin directly binds calcium, so the calcium 
requirement for calpastatin inhibition must come from calpain molecule.      
The activity of calpastatin at 24 hours postmortem has also been shown to be a good 
indicator of proteolysis and meat tenderness in across a number of important livestock 
  
37 
 
species (Koohmaraie, Whipple, Kretchmar, Crouse, & Mersmann, 1991; Whipple, 
Koohmaraie, Dikeman, Crouse et al., 1990).  In a comparison of shear force values of the 
longissimus dorsi across beef, pork and lamb, Koohmaraie et al. (1991) observed that the 
species with the lowest shear force values, pork, had the least calpastatin activity while 
species with the greatest shear force values, beef, had the highest calpastatin activity.  
Whipple et al. (1990) examined breed differences between Bos taurus and Bos indicus cattle 
in the biochemical aspects that affect tenderness in the longissimus dorsi.  In this study, 
increased shear force values and decreases sensory tenderness values at 1 and 14 days 
postmortem in Bos indicus crosses (3/8 Sahiwal X ½ Hereford, ½ Angus and 5/8 Sahiwal X 
½ Hereford, ½ Angus) compared to the Bos Taurus control (Hereford X Angus) were 
accompanied by increased calpastatin activity at 24 hours postmortem.  Whipple et al. (1990) 
analyzed the results from the previously discussed study to determine which of the 
biochemical traits accounts from the greatest proportion of variation in beef tenderness.  
Analysis of these results and others revealed that the inhibitory activity of calpastatin 
accounts for a greater proportion of the variation in beef tenderness (~40%) than any other 
single variable (Shackelford et al., 1994; Whipple, Koohmaraie, Dikeman, & Crouse, 1990).  
From these studies it is clear that calpastatin plays a critical role in protein degradation and 
meat tenderization during postmortem aging.  
 
Caspases 
 The caspases are a family of cysteine proteases that cleave the amino acid sequence 
of proteins at specific aspartic acid residues.  Unlike the calpains, caspases do not require 
calcium for activation.  The primary function of the caspases is in degradation of proteins 
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during apoptosis (Goll, Neti, Mares, & Thompson, 2008).  During the conversion of muscle 
to meat muscle cells engage in a cell death program, but whether the initiation of cell death is 
through an apoptotic-like process or through necrosis is unknown (Sentandreu, Coulis, & 
Ouali, 2002).  The caspase system may be activated through an apoptotic-like process 
following exsanguination (Sentandreu et al., 2002).  While the contributions of the caspases 
to changes in the ultrastructure are still uncertain, it has been demonstrated that the 
incubation of purified myofibrils with full-length human recombinant caspase 3 has the 
ability to mimic the changes seen during postmortem storage (Kemp & Parr, 2008).  There is 
also increasing evidence of an interaction between the calpain and caspase protease systems.  
Over-expression of calpastatin, which causes calpain inhibition, has been shown to directly 
increase caspase 3 activity and apoptosis (Neumar, Xu, Gada, Guttmann, & Siman, 2003). 
Additionally, calpastatin is cleaved and inactivated by caspases (Kemp, King, Shackelford, 
Wheeler, & Koohmaraie, 2009; Kemp, Sensky, Bardsley, Buttery, & Parr, 2010; Wang et al., 
1998).  It is possible that the activity of caspases is linked to the calpain system and an 
undefined source of variance in calpastatin inactivation in postmortem muscle (Huff-
Lonergan et al., 2010).   
 
Proteasome 
The 20S proteasome is a 700 kDa cylinder-shaped structure arranged as four stacked 
rings that each contain seven subunits.  The inner two rings are composed exclusively of 
beta-subunits and the outer two rings are composed exclusively of alpha-subunits (Groll et 
al., 1997; Lowe et al., 1995).  Because its large size, the 20S proteasome cannot degrade 
proteins from the intact myofibril until they
 
have been removed from the myofibrillar matrix 
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(Goll et al., 2008).  However, there is evidence that myofibrillar proteins are hydrolyzed 
upon treatment with purified 20S proteasome (Mykles, 1989; Taylor, Tassy et al., 1995).  
Degradation of myofibrillar proteins, troponin C and the myosin light chain, were detected in 
myofibrils incubated with partially purified 20S proteasome (Koohmaraie, 1992).  
Additionally, the proteasome is active under conditions similar to those found in meat 
(Taylor, Tassy et al., 1995).  The exact contribution of the proteasome to postmortem 
tenderization is unclear because there is little evidence that the proteasome has the ability to 
break down the proteins associated with tenderness that are degraded during postmortem 
storage (Geesink et al., 2006; Houbak, Ertbjerg, & Therkildsen, 2008).  However, incubation 
of myofibrils with purified 20S proteasome has been shown to degrade myofibrils and cause 
damage to the Z- and M-lines similar to the calpains (Dutaud et al., 2006; Taylor, Tassy et 
al., 1995).  This supports the possibility that the proteasome may contribute to postmortem 
meat tenderization. 
 
Cathepsins 
 The cathepsins are a family of peptidases located within the lysosome that are mostly 
active at acidic pH (Sentandreu et al., 2002).  In order for the cathepsins to break down 
myofibrillar protein they must first be released from the lysosome.  There is evidence of 
postmortem lysosomal disruption but cathepsin activity failed to explain differences in meat 
tenderness (Koohmaraie, Seideman, Schollmeyer, Dutson, & Babiker, 1988; Whipple, 
Koohmaraie, Dikeman, Crouse et al., 1990).  Inhibition studies showed that cathepsin 
inhibitors, Z-Phe-Ala-diazomethane (cathepsins B and L inhibitor) and L-Leu-chloromethyl 
ketone (cathepsin H inhibitor), were not able to prevent postmortem proteolysis, but the use 
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of an inhibitor that can inhibit both calpain and cathepsin, like E-64 (cysteine protease 
inhibitor) and N-acetyl-Leu-Leu-norleucinal (calpain inhibitor that also inhibits cathepsins B 
and L), was able to effectively suppress postmortem proteolysis (Mestre-Prates, Ribeiro, & 
Correia, 2001).  As a result, the cathepsins are thought to have little influence on postmortem 
proteolysis while the calpain system is thought to play a major role in postmortem proteolysis 
(Geesink et al., 2006).   
 
Muscles of the round 
 The muscles of the round traditionally receive similar treatment in regards to aging.  
However, they are distinctly different muscles with different biochemical characteristics.   
 The muscles of the round examined in this review are the adductor (AD), gracillus (GR), 
semimembranosus (SM), sartorius (SAR), vastus lateralis (VL), vastus intermedius (VI).  
The AD, or inside round, is located in the medial portion of the round and functions to adduct 
(draw inward) the limb and extend the hip.  The GR, or cap muscle of the round, is a flat 
muscle that covers the medial portion of round and functions in extending the hip and tarsal 
joints, flexing the stifle joint, and adducting the limb.  The SM, or top round, is located 
posterior to the AD and functions in extending the hip and adducting the limb.  The SAR is 
located anterior to the AD and functions in flexing the hip joint and adducting the limb.  The 
VL and VI are two of the four muscles that make up the quadriceps femoris, or knuckle.  The 
VL is located at the lateral portion of the quadriceps femoris and extends the stifle joint.  The 
VI is located at the posterior portion of the quadriceps femoris  nest to the femur and 
functions in extending the stifle joint and raising the femoro-patellar capsule (Jones et al., 
2004).   
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One area that has been investigated is the differences in fiber type between the 
muscles of the round.  Kirchofer et al. (2002) classified the fiber type of the muscles of the 
round based on ATPase activity.  Of the muscles to examined in this review, the GR, AD, 
SM, and VI were classified as being white, fast twitch muscles containing over 40% α-white 
muscle fibers (type IIb).  The SAR and VL were both classified as intermediate muscles that 
contained a more even distribution of red and white muscle fibers (Kirchofer et al., 2002).  In 
2005 an extensive study that described and classified the color, pH at 24 hours, water-holding 
capacity, moisture content, fat content, ash content, collagen content, and tenderness of the 
muscle of the round was preformed (Von Seggern, Calkins, Johnson, Brickler, & Gwartney, 
2005).  The VI had a higher pH at 24 hours postmortem than the other muscles of the round.  
In this study, the AD, GR, SAR, and SM were classified as having a low fat content, 
intermediate pH, low water holding capacity and an intermediate shear force value.  The VL 
was classified as having a low fat content, intermediate pH, low water holding capacity and a 
high shear force value.  The VI was classified as having an intermediate fat content, high pH, 
intermediate water holding capacity and a low shear force value (Von Seggern et al., 2005).  
These studies exhibited that variation exists in color, pH, water-holding capacity, moisture 
content, fat content, ash content, collagen content, and tenderness in the muscles of the 
round.  The variation in meat quality among the AD, GR, SAR, SM, VI, and VL arise from 
the different biochemical characteristics of these muscles. Because these muscles have such a 
large variation in both tenderness and the underlying biochemical characteristics it illustrates 
that tenderness development is not a simple process.  There are a number of different factors 
that can contribute to the development of tenderness, but by using these muscles to 
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understand the how each of these biochemical changes affect postmortem tenderization it can 
help to improve the evaluation and prediction of postmortem tenderness development.  
 
2-Dimensonal Difference In Gel Electrophoresis (2-D DIGE) 
Two-dimensional Electrophoresis (2DE) is a novel technology that can be used to it 
identify the protein profile of muscle through the separation of proteins by both molecular 
weight and isoelectric point (Hollung, Veiseth, Jia, Faergestad, & Hildrum, 2007).  In the 
first dimension, proteins are separated by isoelectric point on an immobilized pH gradient 
strip that is made up of a polyacrylamide gel matrix (Gorg et al., 2000; Gorg, Weiss, & 
Dunn, 2004).  In the second dimension, proteins are separated by molecular weight, which is 
accomplished through Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) (Gorg et al., 2000; Gorg et al., 2004).  The use of 2DE allows a more detailed study 
of postmortem changes that alter the structure of the myofibril than one-dimensional PAGE 
methods because 2DE allows for the separation and detection of proteins that would appear 
together in a single band with one-dimensional PAGE methods (Hollung, Veiseth, Jia et al., 
2007).  An example of this is that many earlier studies concluded that actin is not degraded 
during postmortem storage using one-dimensional PAGE methods (Bandman & Zdanis, 
1988; Huff-Lonergan et al., 1995; Koohmaraie, 1994; Young, Graafhuis, & Davey, 1980).   
Due to the improved resolution and better separation of 2DE, fragments of actin were 
detected during postmortem storage in pork (Lametsch et al., 2003; Lametsch et al., 2002).  
However, the major drawback of 2DE is that each sample must be run on a separate gel.  
This can introduce inconsistency in the results due to variations in sample handling and 
running conditions.  The principal advantage of two-Dimensional Difference In Gel 
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Electrophoresis (2-D DIGE) is that by using CyDyes multiple samples can be separated and 
imaged under the same running conditions on a single gel.   
2-D DIGE is an extension of 2DE that utilizes a set specific fluorescent dyes called 
CyDyes™ DIGE Fluors (GE Healthcare, Piscataway, NJ).  CyDyes are fluorescent dyes with 
the same molecular weight (~450 Da) and charge that attach to the lysine residue in proteins 
and are detected at different wavelengths of light (Rozanas & Loyland, 2008; Westermeier & 
Scheibe, 2008).  CyDyes are designed to carry a +1 charge that replaces the +1 charge lost on 
the protein due to lysine labeling (Rozanas & Loyland, 2008).  The three most commonly 
used CyDyes are Cy2, Cy3, and Cy5.  The excitation/emission filters used for Cy2, Cy3 and 
Cy5 are 488/520, 532/580, and 633/670, respectively (Rozanas & Loyland, 2008).  2-D 
DIGE utilizes CyDyes to label proteins from two different samples that are then run on the 
same 2D gel to make a direct comparison between the samples under the same running 
conditions on a single 2D gel.  By combining equal portions of the individual samples used 
in the experiment, an internal standard is created and used as a reference to normalize 
measurements across all gels in the experiment (Rozanas & Loyland, 2008; Westermeier & 
Scheibe, 2008).  The internal standard is then labeled with Cy2 while the different samples or 
treatments to be compared in the experiment are labeled with Cy3 and Cy5.  Cy3 and Cy5 are 
swapped between the samples or treatments on each gel in order to lessen the potential bias 
that could arise from preferential labeling of a specific protein by one of the dyes (Rozanas & 
Loyland, 2008).   Because of the advantages of 2-D DIGE, it remains an important tool for 
proteomic analysis of meat during postmortem storage.    
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Summary 
The major structures of the myofibril, including the thin filament, thick filament, Z-
line and M-line, add stability and organization to the myofibril.  Disruption of the proteins 
that comprise these structures can weaken the overall structure of the myofibril.  This 
weakening of the myofibrillar structure occurs during postmortem storage and results in 
tenderization.  Therefore, identifying the major changes in the myofibrillar architecture that 
occur during postmortem tenderization can give an indication of which structural proteins of 
the myofibril are essential to postmortem tenderization.  A better understanding of the 
proteomic changes that occur during postmortem aging is essential to understand the 
development of fresh meat quality.  There are a number of factors that can affect postmortem 
tenderization including connective tissue content, sarcomere length, lipid content, 
temperature, pH, ionic strength, muscle fiber type and protein proteolysis.  Many of these 
factors affect postmortem tenderization by regulating the activity of the endogenous 
proteases responsible for postmortem proteolysis.  Of the endogenous proteases that are 
thought to be active during postmortem storage, µ-calpain is thought to be responsible for the 
majority of the postmortem proteolysis of the muscle proteins that are associated with 
tenderness.  Within a single animal, the muscles of the round provide a good model to 
investigate the effect that differences in connective tissue content, temperature, pH, muscle 
fiber type and protein proteolysis will have on postmortem tenderization.  A novel 
technology that separates proteins by isoelectric point and molecular weight (2-Dimensional 
Difference In Gel Electrophoresis) can help to improve the understanding of the proteomic 
changes that occurs during postmortem storage.  Our hypothesis is that there are alterations 
to proteins during postmortem storage that affect tenderness development.  By identifying 
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these alterations, these proteins can be used as indicators of tenderness and can aid in the 
identification of consistently tender beef. 
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M. J. Anderson, S. M. Lonergan, C. A. Fedler, K. J. Prusa, J. M. Binning,  
and E. Huff-Lonergan  
 
Abstract 
The objective of this study was to define the biochemical differences that govern 
tenderness and palatability of economically important muscles from the beef round using cuts 
with known tenderness differences.  At 24 h postmortem, the longissimus dorsi (LD), 
gracillus (GR), adductor (AD), semimembranosus (SM), sartorius (SAR), vastus lateralis 
(VL), and vastus intermedius (VI) muscles were removed from ten market weight beef cattle.  
Sensory and biochemical characteristics were determined in each cut and compared with the 
LD.  The AD and VL had lower tenderness values compared to the LD.  However, the GR, 
SAR, and VI had sensory traits similar to the LD.  In most beef round cuts, postmortem 
proteolysis provided a good indication of the postmortem tenderization occurring during 
aging.  Some biochemical factors (pH) can affect overall proteolysis while others (connective 
tissue) can mask the tenderizing effects of proteolysis.  A better understanding of the 
biochemical characteristics of a cut can improve evaluation of how the quality attributes of 
that cut are altered during aging.    
Keywords: Round; Tenderness; Beef 
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1. Introduction 
Consumers rate tenderness as the primary sensory trait considered when they are 
making purchasing decisions (Mennecke, Townsend, Hayes, & Lonergan, 2007), and are 
willing to pay a premium in order to purchase a consistently tender product (Boleman et al., 
1997; Miller, Carr, Ramsey, Crockett, & Hoover, 2001; Platter et al., 2005).  Definition of 
molecular features that affect beef tenderness is necessary to develop robust methods to 
predict and define beef quality.   
It is accepted that the rate and extent of postmortem proteolysis of key proteins in 
meat can dictate the development of tenderness, especially in the in often characterized cuts 
from the longissismus dorsi.  The calpain system, specifically µ-calpain, has been found to be 
responsible for the majority of postmortem proteolysis of muscle proteins associated with 
tenderness (Geesink, Kuchay, Chishti, & Koohmaraie, 2006; Huff-Lonergan, Zhang, & 
Lonergan, 2010).  Investigating muscle differences for µ-calpain, and calpastatin activity will 
allow identification of differences in rate of tenderization and final tenderness of these 
individual muscles.  One factor affecting calpain activity is the rate of early postmortem pH 
decline.  This influences
 
the rate of µ-calpain activity and autolysis and may play
 
a pivotal 
role in regulating early postmortem proteolysis and ultimately postmortem tenderization 
(Melody et al., 2004; Pomponio, Ertbjerg, Karlsson, Costa, & Lametsch, 2010).  In vitro, a 
decrease in the pH from 7.5 can lower the proteolytic activity of m-calpain, while an increase 
or decrease in the pH from 6.5 can lower µ-calpain activity (Maddock, Huff-Lonergan, 
Rowe, & Lonergan, 2005).  It is known that calpains are less active at normal pH of post-
rigor beef (Camou, Marchello, Thompson, Mares, & Goll, 2007).  It is certain that ultimate 
pH and rate of pH decline have the potential to affect the activity of proteases that are 
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involved in postmortem tenderization.  Additionally, variations in pH can alter the sensory 
characteristics of the product, including color, water holding capacity, shear force, and 
sensory juiciness (Bidner et al., 2004; Panea et al., 2008; Zhang, Farouk, Young, Wieliczko, 
& Podmore, 2005).  Practical considerations, including a slow chilling rate in the center of 
large muscles like the semimembranosus can also negatively affect protein solubility and 
thus tenderness and color of fresh beef (Kim, Lonergan, & Huff-Lonergan, 2010). 
The muscles of the round are particularly prone to being less tender than the higher 
value cuts of the loin and the rib.  This generalization has historically limited the merchandizing 
of the round.  Recently, however, approaches to merchandise cuts from individual muscles of the 
beef chuck have shown that some cuts can be merchandized as higher value cuts (NCBA, 2000).  
While the muscles of the round originate from a similar location, they have decidedly 
different fiber types and sensory properties (Kirchofer, Calkins, & Gwartney, 2002; 
McKeith, Devol, Miles, Bechtel, & Carr, 1985).  In addition to this, the muscles of the round 
traditionally have received similar aging procedures.  However, these muscles have distinctly 
different biochemical characteristics that will affect the quality traits of the cut. 
Understanding the extent to which biochemical changes contribute to the tenderness can 
improve evaluation of these cuts.  The objectives of this study were to use different cuts from 
the beef round with known differences in tenderness to define the underlying biochemical 
differences that govern tenderness and palatability of specific, economically important 
muscles from the round.  Specific changes targeted include the factors that regulate the 
calpain system as well as the products of protein degradation in post-mortem beef.   
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2. Materials and Methods  
2.1 Sample Collection 
Ten market weight English cross beef cattle, that were under 20 months of ages, were 
slaughtered at the Iowa State University Meat Laboratory using normal, approved humane 
slaughter procedures.  Slaughter took place on five different dates with animals slaughtered 
in pairs. All cattle had quality grades of either choice or select.  Muscles were removed from 
both sides of the carcasses at 24 h after slaughter.  Muscles removed included the longissimus 
dorsi (LD; reference muscle) and the following muscles from the round:  gracillus (GR), 
adductor (AD), semimembranosus (SM), sartorius (SAR), vastus lateralis (VL), vastus 
intermedius (VI).  Muscles were cut into 2.54 cm thick and 0.64 cm thick steaks. Steaks were 
cut perpendicular to the long axis of the muscle and individually vacuum packaged.  Both the 
2.54 and 0.64 cm steaks were aged at 4°C for a total of one, three, seven or 14 days 
postmortem. The 2.54 cm thick steaks were frozen in their vacuum packages at the end of 
their respective aging periods and were used for star probe and sensory analysis.  The 0.64 
cm thick steaks were used for biochemical analysis.  
 
2.2 Sensory Analysis 
 A trained sensory panel evaluated steaks for sensory traits (Lonergan et al., 2007).  
Two 1-hour training sessions were performed before testing of steaks. During these two 
training sessions panelists were familiarized with aroma or flavor evaluation techniques and 
the computer software scoring system.  Prior to analysis, samples were cooked to an internal 
temperature of 71°C using an electric oven broiler.  Steaks were evaluated for sensory 
tenderness, chewiness, juiciness, and beef flavor.  A 15-cm line scale was used (0 = not 
  
68 
 
tender, chewy, juicy, or a low beef flavor; 15 = very tender, chewy, juicy, or a high beef 
flavor) to evaluate sensory traits for all steaks. Sensory data were recorded using a 
computerized sensory software system (Compusense five 4.6, Compusense, Inc., Guelph, 
Ontario, Canada). 
 
2.3 Star Probe Analysis 
 Steaks were cooked to an internal temperature of 71°C in an electric oven broiler 
prior to texture analysis.  Star probe measurements were taken as an instrumental indication 
of texture of the selected muscle through analysis of cooked steaks. The method used was 
similar to the method used for pork by Lonergan et al. (2007).  Star probe analysis uses the 
measurement of the peak load necessary to puncture and compress the product to 80% of its 
height. The star probe attachment consists of a circular, five-pointed star probe attached to an 
Instron Universal Testing Machine (Instron Corporation, Norwood, MA).  The star probe 
attachment measures 9 mm in diameter with 6 mm between each point.  The angle from the 
end of each point up to the center of the attachment is 48
o
.  The star probe attachment 
punctured the product at a crosshead speed of 3.3 mm/second.  Each cooked steak was 
compressed three times and the maximum force was recorded for each puncture. 
Measurements were then averaged to determine a star probe value for each muscle. 
 
2.4 Measurement of pH  
A Hanna 9025 pH/ORP meter (Hanna Instruments, Woonsocket, RI) was used to 
measure pH of each muscle at 24 h postmortem.  The pH probe was calibrated using two 
buffers (pH 4.0 and 7.0), and maintenance of calibration was monitored between samples.  
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2.5 Measurement of Calpastatin Activity 
Calpastatin activity was determined for each muscle at 24 h postmortem 
(Koohmaraie, Shackelford, Wheeler, Lonergan, & Doumit, 1995; Rowe, Maddock, 
Lonergan, & Huff-Lonergan, 2004).  One unit of calpastatin activity was defined as the 
ability to inhibit one unit of bovine m-calpain activity (Koohmaraie, 1990).  Activity was 
recorded as units/gram of muscle tissue.   
 
2.6 Whole-Muscle Sample Preparation for Gel Electrophoresis 
 Samples were taken from each muscle (0.2 g) at each aging period for western 
blotting to determine autolysis of µ-calpain and postmortem degradation of desmin and 
troponin-T.  Whole-muscle protein samples were extracted and samples were prepared for 
gel electrophoresis (Lonergan, Huff-Lonergan, Rowe, Kuhlers, & Jungst, 2001).  Protein 
concentration was determined using the method described by Lowry et al (1951) using 
premixed reagents (Bio-Rad Laboratories, Hercules, CA).  Protein samples were adjusted to 
a concentration of 6.4 mg/mL of protein using the whole muscle extraction buffer.  Wang’s 
tracking dye (3 mM EDTA, 3% SDS [wt/vol], 30% glycerol [vol/vol], 0.001% pyronin Y 
[wt/vol], 30 mM Tris-HCl, pH 8.0) and 2-mercaptoethanol (MCE) were added to the adjusted 
protein sample at the ratio [vol/vol] of 0.5 to 1 and 0.1 to 1 respectively to bring each sample 
to a final concentration of 4 mg/mL.  The resulting gel samples were frozen and stored at -
80°C until subsequent analysis.  
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2.7 SDS-PAGE Electrophoresis and Western blotting  
 Gel samples (whole muscle extract, tracking dye, and MCE) from each muscle and 
aging period were used to determine µ-calpain autolysis and troponin-T degradation.  Only 
samples from one, seven, and 14 days postmortem were used to determine desmin 
degradation.   Proteins were resolved on acrylamide separating gels (acrylamide: N,N′-bis-
methylene acrylamide= 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.05% N,N,N′N-
tetramethylethylenediamine (TEMED), 0.05% ammonium persulfate [wt/vol], and 0.5 M 
Tris-HCl, pH 8.8) for SDS-PAGE and Western blotting.  A 5% acrylamide stacking gel 
(acrylamide: N,N′-bis-methylene acrylamide = 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.125% 
TEMED, 0.075% ammonium persulfate [wt/vol], and 0.125 M Tris-HCl, pH 6.8) was used 
on all of the acrylamide gels.  Gels (10 cm x 10.5 cm) for µ-calpain autolysis, desmin and 
troponin-T were run on SE 260 Hoefer units (Hoefer Scientific
 
Instruments).  Western 
blotting for µ-calpain autolysis, desmin and troponin-T was performed on 9%, 10%, and 12% 
acrylamide gels, respectively.  Western blots for µ-calpain autolysis, desmin and troponin-T 
were completed using the method described by Rowe et al. (2004).   
Primary antibodies for µ-calpain autolysis, desmin and troponin-T were monoclonal 
anti-µ-calpain antibody (MA3-940; Affinity Bioreagents, Inc., Golden, CO), polyclonal 
rabbit anti-desmin (V2022; Biomedia, Foster City, CA), and monoclonal anti-troponin-T 
antibody (JLT-12; Sigma Chemical Co., St. Louis, MO), respectively.  All membranes were 
incubated in primary antibody at 4°C overnight. 
The secondary antibody for µ-calpain autolysis and troponin-T blots was goat anti-
mouse-HRP (catalog No. A2554; Sigma Chemical Co., St. Louis, MO).  The secondary 
antibody of western blots for desmin was goat anti-rabbit-HRP (catalog No. A9169; Sigma 
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Chemical Co., St. Louis, MO).  After incubation with secondary antibody membranes were 
rinsed three times for 10 mins each in PBS-Tween then detected by chemiluminescence. 
Chemiluminescence detection was initiated using premixed reagents (ECL Plus kit; 
GE Healthcare, Piscataway, NJ). Chemiluminescence was detected using a 16-bit megapixel 
CCD camera (FluorChem 8800, Alpha Innotech Corp., San Leandro, CA) and FluorChem 
IS-800 software (Alpha Innotech Corp.).  Densitometric measurements were completed using 
the AlphaEaseFC software (Alpha Innotech Corp.).  Three bands (80 kDa, 78 kDa, and 76 
kDa) were detected (Figure 1a), and analyzed for µ-calpain autolysis.  µ-calpain autolysis 
was recorded as the percentage that each band made of the total of the large subunit detected.  
Two bands (intact desmin and a desmin degradation product) were detected in desmin 
western blots (Figure 1b).  The ratio of the intensity of the sample’s degraded band to the 
intensity of the degraded band in a reference sample (bovine longissimus dorsi; aged seven 
days postmortem), which appeared on all blots, was used to normalize comparisons across all 
blots.  The resulting ratio was used to analyze differences among muscles in the intensity of 
the degraded desmin band.  Three major bands (upper intact, UI; lower intact, LI, and 30 kDa 
degradation product, 30 kDa) were detected in troponin-T western blots (Figure 1c).  
Densitometry measurements were made on the bands corresponding to the UI and 30 kDa 
bands using the reference sample to normalize comparisons across all blots.  The resulting 
ratio was used to analyze differences among muscles in the intensity of the UI and 30 kDa 
bands of troponin-T.   
SDS-PAGE analysis was used detect differences in high molecular weight proteins, 
specifically titin, at 24 h postmortem.  A 5% acrylamide separating gel without a stacking gel 
was loaded with 80 µg of protein per lane.  The running buffer used in both the upper and 
  
72 
 
lower buffer chambers of the SE 400 Sturdier Vertical Slab Gel Unit (gel dimensions = 180 
mm high x 160 mm wide x 1.5 mm thick) (Hoefer Scientific Instruments, San Francisco, CA) 
consisted of 25 mM Tris, 192 mM glycine, 2 mM EDTA, and .l% SDS. Gels were stained 
overnight in an excess of .l% (wt/vol) of Coomassie brilliant blue R-250, 50% (vol/vol) 
methanol, and 30% (vol/vol) glacial acetic acid. Gels were destained in an excess of the same 
solution excluding the Coomassie brilliant blue R-250 (Huff-Lonergan, Parrish, & Robson, 
1995).  Two replications of the gels were run for titin in order to demonstrate the pattern of 
degradation in the muscles of the round.   
 
 2.8 Muscle Fiber Type Analysis 
 Sample preparation for fiber type analysis and determination of myosin heavy chain 
isoforms was completed by the methods described by Melody et al. (2004).  Gels for 
determination
 
of myosin heavy-chain (MHC) isoforms were loaded with 2 µg of protein per
 
lane, and run at 4°C and a constant voltage of 100 V for approximately
 
65 h (Melody et al., 
2004; Talmadge & Roy, 1993).  Gels were silver-stained using the Silver Stain Plus kit 
(Catalog No. 161-0449; Bio-Rad, Hercules, CA). The
 
density of type I, and type IIa/IIx 
(Figure 1d), myosin heavy chain (MHC)
 
bands were quantified by using ChemiImager 5500 
(Alpha Innotech,
 
San Leandro, CA) and AlphaEaseFC (version 2.03, Alpha Innotech,
 
San 
Leandro, CA). Within each sample the MHC
 
isoform (type I, type IIa/IIx) was calculated as
 
a 
percentage of the total MHC isoforms in each lane. 
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2.9 Statistical Analysis 
µ-Calpain autolysis, calpastatin activity, and pH were blocked by carcass and 
analyzed to determine differences between muscles.  Means were separated using the Student 
t statistic (JMP 6.0 Statistical Discovery Software, SAS).  Sensory, star probe, percent 
change in star probe over time, cook loss, troponin-T degradation, desmin degradation, and 
MHC isoforms were analyzed using GLM procedure in SAS (v 9.1; SAS Inst., Inc., Cary, 
NC), and analyzed by day to determine differences among muscles.  Sensory, star probe, 
cook loss, and desmin degradation were analyzed by muscle using GLM procedure in SAS (v 
9.1; SAS Inst., Inc., Cary, NC) to determine differences over time within each muscle.  No 
effect of slaughter date was detected, so slaughter date was not included in the final model.  
Correlations for all traits were determined using the Corr procedure in SAS (v 9.1; SAS Inst., 
Inc., Cary, NC).   
 
3. Results and Discussion  
3.1 Sensory Analysis 
 The LD is generally accepted by consumers as a relatively tender cut and for this 
reason it was chosen as the muscle to which all other muscles were compared.  In addition, a 
great number of studies characterize the sensory quality of beef steaks from the LD.  Not 
surprisingly, cuts from different muscles had very different sensory scores compared to the 
LD (Table 1).  At one day postmortem the SAR tenderness scores were significantly greater 
(P < 0.05) and chewiness scores were less (P<0.05) than observed in the LD.  Differences in 
sensory chewiness and tenderness between the SAR and LD were not observed in steaks 
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aged three, seven or 14 days.  While tenderness and chewiness of the SAR and LD differed at 
one day postmortem the ultimate extent of tenderization did not differ between SAR and LD.   
Sensory tenderness scores of the VI and GR were not significantly different (P > 
0.05) from the LD, regardless of aging period.  However, LD chewiness scores were greater 
(P < 0.05) than those of the GR and VI in steaks aged one day.  In general, the VI, GR, and 
SAR sensory tenderness and chewiness values were not different from those of the LD.  The 
LD, VI, and GR demonstrated an aging effect that showed an improvement in sensory 
chewiness through lower scores over time.  Aging of the LD and VI also resulted in an 
improvement in sensory tenderness through greater scores over time.  The LD, VI, and GR 
demonstrated that 14 days of aging improved the quality characteristics of those cuts.   
At three and seven days postmortem the SM and VL were less tender (P < 0.05) than 
the LD.  At 14 days postmortem the SM, VL, and AD had lower sensory tenderness scores (P 
< 0.05) than the LD.  The SM and VL steaks aged 14 days also had greater chewiness 
sensory scores (P < 0.05) than the LD.  The greater sensory tenderness and lower chewiness 
sensory scores of the LD compared to the SM is in agreement with the previous observations 
of the SM (Kim, Huff-Lonergan, Sebranek, & Lonergan, 2010; Shackelford, Wheeler, & 
Koohmaraie, 1995).  It is known that the SM has a greater concentration of connective tissue 
protein than the LD (Shackelford et al., 1995).  The abundance of connective tissue in the 
SM may account for the difference detected in sensory tenderness between the LD and SM.  
From a sensory tenderness standpoint the AD, SM, and VL were similar to the LD early 
postmortem.  In contrast, postmortem aging in the AD, SM, and VL did not result in the 
same improvement in tenderness that was observed in the LD, VI and GR with aging.  This 
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observation illustrates that other tenderizing strategies (beyond aging) should be 
implemented, to improve sensory tenderness of cuts prepared from these muscles.   
No differences (P > 0.05) were detected in beef flavor among muscles or over time 
within muscles.  Juiciness scores showed a trend similar, in relationship to the LD, to the 
tenderness scores, but no change in juiciness scores was detected over time in any cut.  The 
SAR was less juicy (P < 0.05) than the LD at seven days postmortem.  However, at no other 
aging period were the GR, SAR, or VI significantly different (P > 0.05) from the LD with 
regard to juiciness.  The LD had greater juiciness scores (P <0.05) than the SM at three and 
seven days postmortem and the AD at all times during aging.  The VL was not different (P > 
0.05) in juiciness when compared to the LD.  The AD had a greater percentage cook loss (P 
< 0.05) than the LD at all aging periods.  The SM had a higher percentage cook loss (P < 
0.05) than the LD at 14 days postmortem.   
   
3.2 Star Probe Analysis 
 The star probe data (Table 1) reflect the sensory tenderness and chewiness results.  
The star probe values of the LD at 14 days postmortem tended to be less (P = 0.07) than star 
probe values at one and seven days postmortem.  The GR at three and seven days 
postmortem, SAR at seven days postmortem, and VI at one and seven days postmortem 
required less force (P < 0.05) to puncture and compress steaks than the LD on the 
corresponding day.  At all other aging periods no differences (P > 0.05) were seen in the 
amount of force required to puncture and compress steaks of the LD compared to the GR, 
SAR or VI.  The AD was not different (P > 0.05) in the amount of force required to puncture 
and compress the steaks from the LD at any aging period.  However, both the SM at three 
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and 14 days postmortem and the VL at 14 days postmortem required more force (P < 0.05) 
to puncture and compress steaks than the LD of the corresponding day.   The GR, SAR, and 
VI have tenderness and texture characteristics similar to the LD while the SM and VL both 
exhibit inferior texture characteristics when compared to the LD.  Star probe data were 
correlated to tenderness across all days and muscles (r = -0.39, P < 0.01) and maintain the 
differences detected in the tenderness scores. The star probe data reiterate that the GR, SAR, 
and VI have the potential to have value added to them by marketing them as individual cuts.  
Aging resulted in improvement of quality attributes of the LD, GR, and VI but not in the AD, 
SM, SAR, or VI.      
 
3.3 24 hours Postmortem pH Measurement 
 The most apparent difference in the comparison of muscle pH at 24 h postmortem 
(Table 1) was that the pH of the VI (5.77) was higher (P < 0.05) than all other individual 
muscles.  This is consistent with previous reports of the VI having a higher pH than other 
muscles in the round at 14 days postmortem (Christensen, Henckel, & Purslow, 2004; Von 
Seggern, Calkins, Johnson, Brickler, & Gwartney, 2005).  Correlations between 24 h pH and 
sensory traits, including juiciness (r = 0.24, P = 0.01), tenderness (r = 0.18, P = 0.07), and 
cook loss (r = -0.29, P < 0.01), supported the results seen in the VI.  The positive correlation 
between 24 h pH and both juiciness and tenderness indicated that with an increase in pH as 
seen in the VI there is an increase in juiciness and tenderness of the product.  Additionally, 
the pH of the AD, SM, and VL was lower (P > 0.05) than the LD at 24 h postmortem.  In 
many studies, pH is positively correlated juiciness and tenderness scores (Huff-Lonergan et 
al., 2002; Panea et al., 2008).  Because higher pH can affect tenderness (Silva, Patarata, & 
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Martins, 1999) and juiciness (Huff-Lonergan & Lonergan, 2005) through proteolysis and 
increased water holding capacity, it is possible that the high pH of the VI at 24 h aided in the 
juiciness and tenderness of the final product.  However the ultimate pH of a product is not the 
only factor of pH decline that will affect quality.  While not measured in the present study the 
rate of pH decline is important in determining μ-calpain activity and overall proteolysis 
(Pomponio et al., 2010; Veiseth-Kent, Hollung, Ofstad, Aass, & Hildrum, 2010).  
Differences in rate of pH decline may explain the sensory differences detected in muscles of 
the round that had a similar ultimate pH. 
 
3.4 Calpastatin Activity 
 The VI had the greatest (P < 0.05) calpastatin activity (Table 2) at 24 h postmortem.  
The calpastatin activity of the GR was not different (P > 0.05) from the LD, but was higher 
(P < 0.05) than the AD, SM, SAR, and VL.  The AD, SM, and SAR all had lower calpastatin 
activity than the LD.  The observed high calpastatin activity in the VI predicts less protein 
degradation and perhaps less opportunity for µ-calpain to be active (Geesink & Koohmaraie, 
1999; Lonergan et al., 2001).  
 
3.5 SDS-Page and Western Blotting  
 Three bands (80 kDa, 78 kDa, and 76 kDa) were detected (Figure 1a), and analyzed 
for µ-calpain autolysis. No differences across muscles (P > 0.05) were detected in the 
percentage of unautolyzed 80 kDa µ-calpain at 24 h postmortem.  The VI had a greater 
percentage (P < 0.05) of autolyzed 78 kDa µ-calpain fragment at 24 h postmortem than the 
LD and, GR, and SM.  The GR had a lesser percentage (P < 0.05) of autolyzed 78 kDa µ-
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calpain fragment at 24 h postmortem than the SAR, VL, and VI.  The AD and LD had a 
greater percentage (P < 0.05) of autolyzed 76 kDa µ-calpain fragment at 24 h postmortem 
than the SAR and VI.  The 80 kDa subunit and the 78 kDa fragment are both considered to 
be proteolytically active, while the 76 kDa fragment is generally accepted as inactive in 
postmortem muscle (Goll, Thompson, Li, Wei, & Cong, 2003).  Examination of the 
percentage of each calpain subunit or fragment in the muscle at 24 h postmortem can give 
insight into the protein degradation that could potentially occur in that muscle during aging.   
Autolysis of µ-calpain at an early time postmortem suggests an earlier activation of µ-calpain 
and thus increased protein degradation (Goll et al., 2003).   The high percentage of 78 kDa µ-
calpain fragment and low percentage of 76 kDa µ-calpain fragment of the VI in comparison 
with the lower percentage of 78 kDa µ-calpain fragment and higher percentage of 76 kDa µ-
calpain fragment in the LD indicates that the LD is closer to reaching maximum protein 
degradation through the calpain system at 24 h than the VI.  Additionally, the high 
calpastatin activity observed in the VI may explain the apparent slower rate of µ-calpain 
autolysis. The VI was also found to be as tender as LD even with a higher calpastatin activity 
and less autolyzed µ-calpain at 24 h postmortem.  This may be due to the higher pH found at 
24 h postmortem in the VI compared to the LD.  High pH beef muscles have often been 
shown to be more tender than lower pH muscles (Silva et al., 1999) and µ-calpain activity the 
has the potential to be affected by pH (Carlin, Huff-Lonergan, Rowe, & Lonergan, 2006).   
Two bands (intact and degraded) were detected in desmin western blots (Figure 1b), 
with the differences analyzed for the band corresponding to the degraded band.  Desmin links 
adjacent myofibrils to each other and the sarcolemma (Taylor, Geesink, Thompson, 
Koohmaraie, & Goll, 1995), and is a substrate of the calpain system (Huff-Lonergan & 
  
79 
 
Lonergan, 2005; Taylor et al., 1995).  Degradation of desmin has been shown to be 
correlated to lower drip and purge loss during postmortem storage in pork (Zhang, Lonergan, 
Gardner, & Huff-Lonergan, 2006).  Results from the western blotting for desmin degradation 
(Table 3) showed that at one day postmortem the VL had a more intense (P < 0.05) band 
corresponding to the degradation product than all muscles except the SM.  At seven days 
postmortem the SM tended to have a more intense (P = 0.073) band corresponding to the 
degradation product than all other muscles. At 14 days postmortem no differences (P > 0.05) 
were seen in the intensity of the band corresponding to the degradation product.  The 
intensity of the band corresponding to the degradation product in the LD, GR, SM, and VI 
was identified as increasing in abundance during aging.  Proteolysis of desmin in the LD, 
GR, and VI reflect the effect of aging seen in sensory tenderness.  While the LD and SM had 
similar patterns of desmin degradation, the differences in tenderness between the SM and LD 
may result from the higher amount of connective tissue present in the SM (Shackelford et al., 
1995) rather than the degradation of proteins occurring during aging.   
Three bands (upper intact, UI; lower intact, LI, and 30 kDa degradation product, 30 
kDa) were detected in troponin-T western blots (Figure 1c) and densitometry measurements 
were taken on the UI and 30 kDa bands.  Results from western blotting for troponin-T (Table 
4) showed a number of differences in degradation of troponin-T between the LD and the 
individual muscles of the round.  Appearance of the 30 kDa degradation product of troponin-
T has been found to be a good indicator of meat tenderness (Koohmaraie, Kennick, Elgasim, 
& Anglemier, 1984; Macbride & Parrish, 1977; Olson & Parrish, 1977).  The VI had a less 
intense band corresponding to the 30 kDa degradation product of troponin-T at one, three, 
seven, and 14 day postmortem compared to the LD.   This showed that there was very little 
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degradation of troponin-T in the VI in comparison to the LD.  However, the VI had 
tenderness scores that were not different from the LD.  The difference in tenderness seen may 
be the result of a higher pH of the VI in comparison to the LD, which can affect a number of 
traits including tenderness, enzyme activity, and protein degradation (Carlin et al., 2006; 
Maddock et al., 2005; Neath et al., 2007a, 2007b).  µ-Calpain retains some proteolytic 
activity at pH 5.8 in the first 24 h postmortem but almost no activity is detected after 24 h 
postmortem (Camou et al., 2007).  In contrast, m-Calpain has very little proteolytic activity at 
pH 5.8 during any time period (Camou et al., 2007).  The difference seen in protein 
degradation between the VI and LD may be affected by changes in the activity of the calpain 
system, variation in the pH, or a difference in substrate.  The SM had very little of the UI 
band remaining at 14 days postmortem.  The SM did not differ in the intensity of either the 
UI band or the 30 kDa band from the LD at any aging period except at three days 
postmortem, where it actually had a more intense 30 kDa band than the LD.  However, the 
SM was less tender than the LD at three, seven, and 14 days postmortem.  This is similar to 
what was seen with desmin degradation where the effect of proteolysis is diminished due to 
the higher amount of connective tissue present in the SM.  Western blot of the AD (Figure 2), 
while not significantly different from the LD, clearly shows that very little degradation of 
troponin-T occurred between one and 14 days postmortem.  While not measured in the 
present study, differences also exist in the sarcomere length in the muscles of the round 
(Rhee, Wheeler, Shackelford, & Koohmaraie, 2004; Stolowski et al., 2006).  µ-calpain 
mediated proteolysis of troponin-T occurs to a greater extent in samples with longer 
sarcomeres (Weaver, Bowker, & Gerrard, 2009) and may account for variation in proteolysis 
that cannot be explained by activity of the calpain system.   
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Degradation of titin was evaluated using SDS-PAGE (Figure 3). It is clear that the 
SAR and AD have a large amount of degradation at 24 h postmortem when compared to the 
LD, VI, and VL.  This indicated that a large amount of degradation occurred in these two 
muscles before 24 h postmortem.   One titin molecule spans half of the length of the 
sarcomere and connects actin to the z-line (Tskhovrebova & Trinick, 2004).  Thus, its 
degradation may influence the structural integrity of the sarcomere and ultimately the 
myofibril.  Titin has been shown to be degraded faster in more tender muscles (Huff-
Lonergan et al., 1995; Taylor et al., 1995).  The early degradation of titin in the AD and SAR 
suggests that these muscles were undergoing a high amount of proteolysis early postmortem.    
  
3.6 Myosin Heavy Chain Analysis 
 Two bands (type IIa/IIx, and type I) were detected in MHC analysis (Figure 1d).  The 
VI had a higher percentage of the type I MHC isoform (P < 0.001) than all other muscles 
(Figure 4).  Examining the percentage of MHC isoforms in a muscle can give an indication 
of the overall fiber type of that muscle (Talmadge & Roy, 1993).  The VI was the only 
muscle with a majority of the type I MHC isoform which indicated that it had a majority of 
type I muscle fibers.  This difference in fiber type of the VI samples in comparison to all 
other muscles may help explain some of the differences seen in this muscle.  Percentage of 
type I MHC isoform was correlated to star probe measurements (r = -0.17, P = 0.08), 
juiciness scores (r = 0.26, P < 0.01), and tenderness scores (r = 0.18, P = 0.07).  This 
indicates that a higher percentage of type I MHC isoform, which would correspond to a type 
I fiber type muscle, would have lower star probe values, and higher juiciness and tenderness 
values.  Type I muscles fibers are characterized by being smaller in diameter, high in 
  
82 
 
oxidative metabolism, and have a lower glycogen content (Lawrie, 2006).  A difference in 
fiber type among muscles can affect pH, tenderness, and color (Choi, Ryu, & Kim, 2006; 
Maltin, Balcerzak, Tilley, & Delday, 2003).  The higher pH measured in the VI may be due 
to a lower amount of glycogen in the fiber type found in that muscle.  The higher pH in the 
VI also affects the activity of μ-calpain (Carlin et al., 2006; Koohmaraie, Schollmeyer, & 
Dutson, 1986). This is vitally important to the overall proteolysis in a muscle and as a result 
the tenderness of that muscle.  This can further be seen in the both troponin-T and desmin 
degradation of the VI.  In addition, the tenderness of the VI may be influenced also by high 
pH and the smaller diameter of muscle fibers compared to many of the other predominantly 
type II fiber type muscles found in the beef round.   
 In this study, it was observed that differences exist in pH, calpastatin activity, and 
percentage of calpain autolysis among the muscles of the round.  These factors are important 
because they will affect proteolysis and as a result alter the quality characteristics of the 
muscle.  The VI had a greater 24 h postmortem pH than all other muscles evaluated and had 
overall proteolysis and quality attributes similar to that of the LD.  However, in some 
muscles the extent of proteolysis did not affect the overall quality because of other 
biochemical factors.  The SM had a similar rate of proteolysis as the LD but had lower 
tenderness and increased star probe values when compared to the LD.  This is likely due to 
the high amount of connective tissue present in the SM that is not broken down by 
proteolysis.  The AD is another important example of how understanding the biochemical 
characteristics of a muscle can aid in the utilization of that muscle.  The most notable 
attribute of the AD is its lack of change during aging.  The AD had no detectable change in 
protein degradation from one to 14 days postmortem, and as a result had no significant 
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change in the quality characteristics.  Postmortem aging of this cut provided no added benefit 
as it did in many of the other cuts evaluated.  Therefore, if there is a better understanding the 
biochemical characteristics of a cut then there can be a better evaluation of how the quality 
attributes of that cut will be altered during postmortem aging.    
  
4. Conclusions 
 By identifying the differences in the biochemical characteristics of different cuts from 
the beef round with known differences in tenderness this study helped to define the 
underlying biochemical differences that govern tenderness and palatability of specific, 
economically important muscles from the round.  In the majority of the cuts from the round, 
postmortem proteolysis gave a good indication of the amount of tenderization occurring in 
that cut during aging.  However, some biochemical factors like pH can affect overall 
proteolysis while others, like the amount of connective tissue, can mask the tenderizing 
effects of proteolysis.  In order to develop the underutilized cuts of chuck and round it is 
essential to understand how these biochemical attributes differ in each cut and how they will 
affect the meat quality. 
 
5. Acknowledgements 
 We thank everyone who put time and effort into data collect and the preparation of 
this manuscript.  This work was funded in part by The Beef Checkoff. 
   
  
84 
 
References 
 
Bidner, B. S., Ellis, M., Brewer, M. S., Campion, D., Wilson, E. R., & McKeith, F. K. 
(2004). Effect of ultimate ph on the quality characteristics of pork. Journal of Muscle 
Foods, 15(2), 139-154. 
 
Boleman, S. J., Boleman, S. L., Miller, R. K., Taylor, J. F., Cross, H. R., Wheeler, T. L., 
Koohmaraie, M., Shackelford, S. D., Miller, M. F., West, R. L., Johnson, D. D., & 
Savell, J. W. (1997). Consumer evaluation of beef of known categories of tenderness. 
Journal of Animal Science, 75(6), 1521-1524. 
 
Camou, J. P., Marchello, J. A., Thompson, V. F., Mares, S. W., & Goll, D. E. (2007). Effect 
of postmortem storage on activity of mu- and m-calpain in five bovine muscles. 
Journal of Animal Science, 85(10), 2670-2681. 
 
Carlin, K. R. M., Huff-Lonergan, E., Rowe, L. J., & Lonergan, S. M. (2006). Effect of 
oxidation, ph, and ionic strength on calpastatin inhibition of mu- and m-calpain. 
Journal of Animal Science, 84(4), 925-937. 
 
Choi, Y. M., Ryu, Y. C., & Kim, B. C. (2006). Effect of myosin heavy chain isoforms on 
muscle fiber characteristics and meat quality in porcine longissimus muscle. Journal 
of Muscle Foods, 17(4), 413-427. 
 
Christensen, M., Henckel, P., & Purslow, P. P. (2004). Effect of muscle type on the rate of 
post-mortem proteolysis in pigs. Meat Science, 66(3), 595-601. 
 
Geesink, G. H., & Koohmaraie, M. (1999). Postmortem proteolysis and calpain/calpastatin 
activity in callipyge and normal lamb biceps femoris during extended postmortem 
storage. Journal of Animal Science, 77(6), 1490-1501. 
 
Geesink, G. H., Kuchay, S., Chishti, A. H., & Koohmaraie, M. (2006). Mu-calpain is 
essential for postmortem proteolysis of muscle proteins. Journal of Animal Science, 
84(10), 2834-2840. 
 
Goll, D. E., Thompson, V. F., Li, H. Q., Wei, W., & Cong, J. Y. (2003). The calpain system. 
Physiological Reviews, 83(3), 731-801. 
 
Huff-Lonergan, E., Baas, T. J., Malek, M., Dekkers, J. C. M., Prusa, K., & Rothschild, M. F. 
(2002). Correlations among selected pork quality traits. Journal of Animal Science, 
80(3), 617-627. 
 
Huff-Lonergan, E., & Lonergan, S. M. (2005). Mechanisms of water-holding capacity of 
meat: The role of postmortem biochemical and structural changes. Meat Science, 
71(1), 194-204. 
 
  
85 
 
Huff-Lonergan, E., Parrish, F. C., & Robson, R. M. (1995). Effects of postmortem aging 
time, animal age, and sex on degradation of titin and nebulin in bovine longissimus 
muscle. Journal of Animal Science, 73(4), 1064-1073. 
 
Huff-Lonergan, E., Zhang, W. G., & Lonergan, S. M. (2010). Biochemistry of postmortem 
muscle - lessons on mechanisms of meat tenderization. Meat Science, 86(1), 184-195. 
 
Kim, Y. H., Huff-Lonergan, E., Sebranek, J. G., & Lonergan, S. M. (2010). High-oxygen 
modified atmosphere packaging system induces lipid and myoglobin oxidation and 
protein polymerization. Meat Science, 85(4), 759-767. 
 
Kim, Y. H., Lonergan, S. M., & Huff-Lonergan, E. (2010). Protein denaturing conditions in 
beef deep semimembranosus muscle results in limited mu-calpain activation and 
protein degradation. Meat Science, 86(3), 883-887. 
 
Kirchofer, K. S., Calkins, C. R., & Gwartney, B. L. (2002). Fiber-type composition of 
muscles of the beef chuck and round. Journal of Animal Science, 80(11), 2872-2878. 
 
Koohmaraie, M. (1990). Quantification of ca-2+-dependent protease activities by 
hydrophobic and ion-exchange chromatography. Journal of Animal Science, 68(3), 
659-665. 
 
Koohmaraie, M., Kennick, W. H., Elgasim, E. A., & Anglemier, A. F. (1984). Effects of 
postmortem storage on muscle protein-degradation - analysis by sds-polyacrylamide 
gel-electrophoresis. Journal of Food Science, 49(1), 292-293. 
 
Koohmaraie, M., Schollmeyer, J. E., & Dutson, T. R. (1986). Effect of low-calcium-
requiring calcium activated factor on myofibrils under varying ph and temperature 
conditions. Journal of Food Science, 51(1), 28-32. 
 
Koohmaraie, M., Shackelford, S. D., Wheeler, T. L., Lonergan, S. M., & Doumit, M. E. 
(1995). A muscle hypertrophy condition in lamb (callipyge): Characterization of 
effects on muscle growth and meat quality traits. Journal of Animal Science, 73(12), 
3596-3607. 
 
Lawrie, R. A. (2006). Lawrie's meat science (7th ed.). Cambridge: Woodhead Publishing 
Ltd. 
 
Lonergan, S. M., Huff-Lonergan, E., Rowe, L. J., Kuhlers, D. L., & Jungst, S. B. (2001). 
Selection for lean growth efficiency in duroc pigs influences pork quality. Journal of 
Animal Science, 79(8), 2075-2085. 
 
Lonergan, S. M., Stalder, K. J., Huff-Lonergan, E., Knight, T. J., Goodwin, R. N., Prusa, K. 
J., & Beitz, D. C. (2007). Influence of lipid content on pork sensory quality within ph 
classification. Journal of Animal Science, 85(4), 1074-1079. 
  
86 
 
 
Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement 
with the folin phenol reagent. Journal of Biological Chemistry, 193, 265-275. 
 
Macbride, M. A., & Parrish, F. C. (1977). 30,000-dalton component of tender bovine 
longissimus muscle. Journal of Food Science, 42(6), 1627-1629. 
 
Maddock, K. R., Huff-Lonergan, E., Rowe, L. J., & Lonergan, S. M. (2005). Effect of ph and 
ionic strength on mu- and m-calpain inhibition by calpastatin. Journal of Animal 
Science, 83(6), 1370-1376. 
 
Maltin, C., Balcerzak, D., Tilley, R., & Delday, M. (2003). Determinants of meat quality: 
Tenderness. Proceedings of the Nutrition Society, 62(2), 337-347. 
 
McKeith, F. K., Devol, D. L., Miles, R. S., Bechtel, P. J., & Carr, T. R. (1985). Chemical and 
sensory properties of 13 major beef muscles. Journal of Food Science, 50(4), 869-
872. 
 
Melody, J. L., Lonergan, S. M., Rowe, L. J., Huiatt, T. W., Mayes, M. S., & Huff-Lonergan, 
E. (2004). Early postmortem biochemical factors influence tenderness and water-
holding capacity of three porcine muscles. Journal of Animal Science, 82(4), 1195-
1205. 
 
Mennecke, B. E., Townsend, A. M., Hayes, D. J., & Lonergan, S. M. (2007). A study of the 
factors that influence consumer attitudes toward beef products using the conjoint 
market analysis tool. Journal of Animal Science, 85(10), 2639-2659. 
 
Miller, M. F., Carr, M. A., Ramsey, C. B., Crockett, K. L., & Hoover, L. C. (2001). 
Consumer thresholds for establishing the value of beef tenderness. Journal of Animal 
Science, 79(12), 3062-3068. 
 
NCBA. (2000). Muscle profiling. In. Denver, CO: National Cattlemen's Beef Association. 
 
Neath, K. E., Del Barrio, A. N., Lapitan, R. M., Herrera, J. R. V., Cruz, L. C., Fujihara, T., 
Muroya, S., Chikuni, K., Hirabayashi, M., & Kanai, Y. (2007a). Difference in 
tenderness and ph decline between water buffalo meat and beef during postmortem 
aging. Meat Science, 75(3), 499-505. 
 
Neath, K. E., Del Barrio, A. N., Lapitan, R. M., Herrera, J. R. V., Cruz, L. C., Fujihara, T., 
Muroya, S., Chikuni, K., Hirabayashi, M., & Kanai, Y. (2007b). Protease activity 
higher in postmortem water buffalo meat than brahman beef. Meat Science, 77(3), 
389-396. 
 
Olson, D. G., & Parrish, F. C. (1977). Relationship of myofibril fragmentation index to 
measures of beefsteak tenderness. Journal of Food Science, 42(2), 506-509. 
  
87 
 
 
Panea, B., Alberti, P., Olleta, J. L., Campo, M. M., Ripoll, G., Altarriba, J., & Sannudo, C. 
(2008). Intrabreed variability and relationships for 41 carcass and meat traits in 
pirenaica cattle. Spanish Journal of Agricultural Research, 6(4), 546-558. 
 
Platter, W. J., Tatum, J. D., Belk, K. E., Koontz, S. R., Chapman, P. L., & Smith, G. C. 
(2005). Effects of marbling and shear force on consumers' willingness to pay for beef 
strip loin steaks. Journal of Animal Science, 83(4), 890-899. 
 
Pomponio, L., Ertbjerg, P., Karlsson, A. H., Costa, L. N., & Lametsch, R. (2010). Influence 
of early ph decline on calpain activity in porcine muscle. Meat Science, 85(1), 110-
114. 
 
Rhee, M. S., Wheeler, T. L., Shackelford, S. D., & Koohmaraie, M. (2004). Variation in 
palatability and biochemical traits within and among eleven beef muscles. Journal of 
Animal Science, 82(2), 534-550. 
 
Rowe, L. J., Maddock, K. R., Lonergan, S. M., & Huff-Lonergan, E. (2004). Oxidative 
environments decrease tenderization of beef steaks through inactivation of mu-
calpain. Journal of Animal Science, 82(11), 3254-3266. 
 
Shackelford, S. D., Wheeler, T. L., & Koohmaraie, M. (1995). Relationship between shear 
force and trained sensory panel tenderness ratings of 10 major muscles from bos-
indicus and bos-taurus cattle. Journal of Animal Science, 73(11), 3333-3340. 
 
Silva, J. A., Patarata, L., & Martins, C. (1999). Influence of ultimate ph on bovine meat 
tenderness during ageing. Meat Science, 52(4), 453-459. 
 
Stolowski, G. D., Baird, B. E., Miller, R. K., Savell, J. W., Sams, A. R., Taylor, J. F., 
Sanders, J. O., & Smith, S. B. (2006). Factors influencing the variation in tenderness 
of seven major beef muscles from three angus and brahman breed crosses. Meat 
Science, 73(3), 475-483. 
 
Talmadge, R. J., & Roy, R. R. (1993). Electrophoretic separation of rat skeletal-muscle 
myosin heavy-chain isoforms. Journal of Applied Physiology, 75(5), 2332-2340. 
 
Taylor, R. G., Geesink, G. H., Thompson, V. F., Koohmaraie, M., & Goll, D. E. (1995). Is z-
disk degradation responsible for postmortem tenderization. Journal of Animal 
Science, 73(5), 1351-1367. 
 
Tskhovrebova, L., & Trinick, J. (2004). Properties of titin immunoglobulin and fibronectin-3 
domains. Journal of Biological Chemistry, 279(45), 46351-46354. 
 
  
88 
 
Veiseth-Kent, E., Hollung, K., Ofstad, R., Aass, L., & Hildrum, K. I. (2010). Relationship 
between muscle microstructure, the calpain system, and shear force in bovine 
longissimus dorsi muscle. Journal of Animal Science, 88(10), 3445-3451. 
 
Von Seggern, D. D., Calkins, C. R., Johnson, D. D., Brickler, J. E., & Gwartney, B. L. 
(2005). Muscle profiling: Characterizing the muscles of the beef chuck and round. 
Meat Science, 71(1), 39-51. 
 
Weaver, A. D., Bowker, B. C., & Gerrard, D. E. (2009). Sarcomere length influences mu-
calpain-mediated proteolysis of bovine myofibrils. Journal of Animal Science, 87(6), 
2096-2103. 
 
Zhang, S. X., Farouk, M. M., Young, O. A., Wieliczko, K. J., & Podmore, C. (2005). 
Functional stability of frozen normal and high ph beef. Meat Science, 69(4), 765-772. 
 
Zhang, W. G., Lonergan, S. M., Gardner, M. A., & Huff-Lonergan, E. (2006). Contribution 
of postmortem changes of integrin, desmin and mu-calpain to variation in water 
holding capacity of pork. Meat Science, 74(3), 578-585. 
 
 
  
  
89 
 
 
 
Figure 1. Examples of banding pattern in a) µ-calpain, b) desmin, and c) troponin-T western 
blots and d) SDS PAGE analysis of myosin heavy chain isoforms. 
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Figure 2. Representative troponin-T western blot of the adductor at 1, 3, 7, and 14 days 
postmortem.  Top band corresponds to the upper intact form of troponin-T (UI).  Middle 
band corresponds to the lower intact form of troponin-T (LI).   Bottom band corresponds to 
the 30 kDa troponin-T fragment (30 kDa).   
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Figure 3. Coomassie stained 5% polyacrylamide gel showing differences in titin degradation 
of the longissimus dorsi (LD), adductor (AD), gracillus (GR), semimembranosus (SM), 
sartorius (SAR), vastus lateralis (VL), and vastus intermedius (VI) at 24 h postmortem. The 
top band corresponds to the intact form of titin (T1), and the second band corresponds to a 
degraded fragment of titin (T2).   
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Figure 4. Silver stained 6% polyacrylamide gel showing differences in myosin heavy chain 
isoforms of the beef diaphragm (BD),  gracillus (GR), sartorius (SAR), longissimus dorsi 
(LD), vastus intermedius (VI), vastus lateralis (VL), adductor (AD), and semimembranosus 
(SM). The top band corresponds to type IIa/IIx myosin heavy chain, and the lower band 
corresponds to type I myosin heavy chain.  
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Table 1. pH, Sensory characteristics, cook loss percentage, and star probe values of the LD 
and muscles of the round. 
 
 Day LD AD GR SAR SM VI VL SE
e
 
pH 1d 5.61
b 
5.51
d 
5.59
bc 
5.57
bcd 
5.50
d 
5.77
a 
5.53
cd 
0.03 
Tenderness
f
 1d 5.5
abx
 5.1
a
 6.4
abc
 7.8
c
 5.0
a
 7.7
bcx
 4.3
a
 0.80 
 3d 7.5
bcxy
 5.6
ab
 6.6
abc
 8.0
c
 4.6
a
 7.2
bcx
 4.8
a
 0.83 
 7d 8.1
cdy
 6.8
bc
 6.6
abc
 9.0
d
 5.2
ab
 8.0
cdx
 4.7
a
 0.70 
 14d 10.6
cdz
 7.9
ab
 8.8
bc
 9.2
bcd
 6.0
a
 11.0
dy
 6.2
a
 0.68 
Juiciness
f
 1d 8.7
b
 6.5
a
 9.2
b
 7.6
ab
 8.4
b
 9.3
b
 8.1
ab
 0.62 
 3d 9.7
cd
 6.4
a
 9.1
cd
 8.2
bc
 7.4
ab
 10.1
d
 9.3
cd
 0.61 
 7d 9.7
cd
 5.4
a
 9.2
bcd
 7.8
b
 7.7
b
 10.2
d
 8.2
bc
 0.55 
 14d 9.0
bc
 6.4
a
 10.1
c
 7.9
ab
 8.0
ab
 10.6
c
 9.5
bc
 0.66 
Chewiness
f
 1d 9.8
cx
  9.0
bcx
  9.0
bc
  6.6
a
  8.9
abc
  6.8
abx
  10.0
c
  0.84 
 3d 7.4
y 
8.3
x 
8.8 6.4 9.4 7.3
x 
9.5 0.89 
 7d 7.4
abcy
  7.6
bcdx
  8.7
cd
  5.5
a
  9.2
cd
  6.6
abx
  9.5
d
  0.70 
 14d 4.6
abz
  6.1
by
  6.0
b
  4.8
ab
  8.7
c
  3.9
ay
  8.5
c
  0.69 
Beef Flavor
f
 1d 5.8 5.8 6.5 7.0 5.5 5.9 6.0 0.36 
 3d 6.3 5.9 5.5 7.2 5.8 6.1 6.3 0.37 
 7d 6.1 5.8 6.6 7.0 5.7 6.4 6.3 0.40 
 14d 6.8 6.1 6.6 6.6 6.1 6.9 6.1 0.37 
% Cook Loss 1d 28.8
ab
  32.9
c
  26.3
a
  29.5
abc
  
30.8
b
c
  29.1
ab
  31.0
bc
  1.24 
 3d 28.2
ab
  33.5
c
  29.1
ab
  27.5
a
  
31.1
a
bc
  29.0
ab
  32.0
bc
  1.42 
 7d 29.0
ab
  35.3
c
  29.6
ab
  27.4
a
  31.5
b
  29.8
ab
  30.3
b
  0.95 
 14d 28.0
a
  33.0
b
  27.3
a
  28.4
a
  33.1
b
  30.2
ab
  30.0
ab
  1.22 
Star Probe
g
 1d 6.7
bcd
 6.2
abc
 5.8
ab
 5.7
ab
 8.0
d
 5.1
a
 7.4
cd
 0.51 
 3d 5.7
bc
 6.5
cd
 4.2
a
 5.0
ab
 7.4
d
 5.0
ab
 7.0
cd
 0.43 
 7d 6.8
b
 6.7
b
 5.0
a
 5.3
a
 7.7
b
 5.3
a
 7.1
b
 0.48 
 14d 5.4
ab
 6.6
bc
 5.2
a
 5.2
a
 7.8
d
 5.1
a
 7.6
cd
 0.42 
a,b,c,d 
Means within same row with different superscripts differ at P < 0.05. 
x,y,z 
Means within same column and trait with different superscripts differ at P < 0.05 
e 
Pooled standard error of the mean. 
f
 Measured on 15 cm line scale with 0 signifying a low degree of juiciness, tenderness, 
chewiness, or beef flavor and 15 signifying a high degree of juiciness, tenderness, 
chewiness, or beef flavor. 
g 
Kg of force required to puncture and compress a cooked steak to 20% of its height. 
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Table 2. Calpastatin activity and percentage of autolyzed calpain at 24 hours postmortem. 
 LD AD GR SAR SM VI VL SE
e
 
Calpastatin Activity
f
 2.5
bc 
1.8
e 
  2.8
b 
1.9
de 
1.9
de 
3.4
a 
2.2
cd 
0.14 
80 kDa
g 
24.7 14.0 34.7 31.7 34.2 28.1 24.2 7.81 
78 kDa
g
  37.1
cd 
40.9
abcd 
32.1
d 54.3
ab 
39.8
bcd 
56.1
a 
49.7
ab 
5.60 
76 kDa
g
  38.2
a 
45.2
a 
33.3
ab 14.0
b 
26.0
ab 
15.8
b 
26.1
ab 
7.67 
a,b,c,d
 Means within same row with different subscript differ at P<0.05. 
e
Pooled standard error of the mean 
f
units/gram of tissue 
g
% of total calpain 
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Table 3.  Ratio of band corresponding to degraded desmin of LD and round muscles to 
reference. 
Day  LD AD GR SAR SM VI VL SE
d 
P value 
1 0.4
ay
 0.6
a
 0.5
ay
 0.6
a
 0.8
aby
 0.4
ay
 1.0
b
 0.14 < 0.05 
7 1.0
az
 1.0
a
 1.1
az
 0.9
a
 1.6
bz
 0.9
az
 1.1
a
 0.15 0.07 
14 1.1
z 
1.1 1.2
z 
1.1 1.5
z 
1.0
z 
1.3 0.15 > 0.1 
a,b 
Means within same row with different superscripts differ at P < 0.1. 
y,z 
Means within same column with different superscripts differ at P < 0.05. 
d 
Pooled standard error of the mean 
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Table 4.  Troponin-T differences of LD and round muscles 
Band
f 
Day  LD AD GR SAR SM VI VL SE
e 
UI 1 1.4
b 
1.2
b 
1.1
b 
0.9
b 
1.4
b 
0.3
a 
0.9
b 
0.19 
UI 3 1.2
d 
1.0
cd 
0.9
bcd 
0.5
ab 
0.9
cd 
0.3
a 
0.7
bc 
0.15 
UI 7 0.9 0.7 0.9 0.6 0.7 0.6 0.6 0.13 
UI 14 0.6
b 
0.7
b 
0.7
b 
0.5
ab 
0.5
b 
0.3
a 
0.6
b 
0.11 
30 kDa 1 0.4
ab 
0.6
b 
0.0
a 
0.3
ab 
0.4
b 
0.0
a 
0.2
ab 
0.15 
30 kDa 3 0.5
bc 
0.8
cd 
0.1
ab 
0.1
ab 
1.1
d 
0.0
a 
0.2
ab 
0.16 
30 kDa 7 1.0
c 
0.5
b 
0.3
ab 
0.2
ab 
1.3
c 
0.1
a 
0.3
ab 
0.13 
30 kDa 14 1.3
c 
0.5
b 
0.4
ab 
0.3
ab 
1.3
c 
0.1
a 
0.5
b 
0.15 
a,b,c,d 
Means within same row with different superscripts differ at P < 0.05. 
e 
Pooled standard error of the mean 
f 
UI = Upper intact band; 30 kDa = 30 kDa degradation product band. 
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PROTEOMIC ANALYSIS OF THE BOVINE LONGISSIMUS DORSI AND ADDUCTOR 
DURING AGING 
 
A paper to be submitted to Meat Science  
 
M. J. Anderson, S. M. Lonergan, and E. Huff-Lonergan 
 
Abstract 
The objective of this study was to determine the identity of proteins that are altered 
during the postmortem aging process by using muscles that differ in tenderness and 
postmortem protein degradation.  The adductor (AD) showed no change in star probe value 
during 14 days of aging while the longissimus dorsi (LD) showed an increase in star probe 
value during 14 days of aging.  Identification of proteins that change in the LD (n=5), but not 
in the AD (n=5), may provide insight into which protein modifications may affect 
postmortem tenderization.  A highly soluble sarcoplasmic fraction and a less soluble 
myofibrillar fraction were separated from samples of each muscle. Two-Dimensional 
Difference In Gel Electrophoresis (2-D DIGE) was used to compare samples from one and 
14 days postmortem within the same muscle and protein fraction.  In both the AD and LD, 
glyceraldehyde-3-phosphate dehydrogenase had a decrease in abundance over time in the 
sarcoplasmic fraction and an increase in abundance over time in the myofibrillar fraction, 
which indicated a shift in protein solubility during postmortem storage.  In the LD, a 
decrease in abundance of actin, myosin heavy chain 1 (fragment) and myomesin-2 were 
detected in the myofibrillar fraction during storage.  There was also an increase in abundance 
of myomesin-2 and α-actinin-3 in the sarcoplasmic fraction of the LD during postmortem 
storage.  Alterations to these structural proteins during aging may play a vital role in 
postmortem tenderization by disrupting the structure of the myofibril.  Establishing the 
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relationship between these structural proteins and postmortem tenderization may enable these 
proteins to be used as indicators of tenderness.  
Keywords: Proteolysis, aging, proteome 
 
1. Introduction  
It is well documented that there are changes in the structure of the myofibril during 
postmortem aging (Parrish, Young, Miner, & Andersen, 1973).  There is also substantial 
evidence that proteolysis of myofibrillar, intermediate filament and cytoskeletal proteins has 
a direct impact on tenderization that occurs during normal postmortem aging of beef 
(Koohmaraie, 1996; Taylor, Geesink, Thompson, Koohmaraie, & Goll, 1995).  However, it is 
also expected that there are alterations to proteins during postmortem aging that do not affect 
the process of tenderization.  During postmortem storage of meat, numerous proteins are 
broken down by proteases resulting in protein degradation.  In some cases, protein 
degradation is accompanied by changes in protein solubility or the release of proteins from 
the myofibril (Goll, Thompson, Li, Wei, & Cong, 2003; Zeece, Robson, Lusby, & Parrish, 
1986).  These changes can disrupt the myofibril and alter the tenderness of the muscle (Olson 
& Parrish, 1977).  However, many of the factors that regulate protein degradation can vary 
across muscles and as a result muscles will differ in the rate and extent of postmortem 
tenderization (McKeith, Devol, Miles, Bechtel, & Carr, 1985).  The longissimus dorsi (LD) 
is extensively characterized and has been shown to increase in tenderness during postmortem 
aging.  In contrast, the adductor (AD) has been shown to have less troponin-T degradation 
than the LD, no significant change in desmin degradation during nine days of storage and no 
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significant change in sensory or instrumental tenderness during 14 days of storage (Anderson 
et al., 2011; Kim, Huff-Lonergan, Sebranek, & Lonergan, 2010).   
 Two-dimensional (2-D) Difference In Gel Electrophoresis (DIGE) is a novel technology 
that can be used to examine the protein profile of a muscle by separating proteins by both 
molecular weight and isoelectric point (Rozanas & Loyland, 2008; Westermeier & Scheibe, 
2008).  This technique allows for the separation and detection of proteins that would appear 
together in a single band when using traditional one-dimensional PAGE methods.  Using 2-D 
DIGE to examine variations in the protein profile during aging may identify changes in 
protein abundance that were previously unknown.  These proteins, if identified, could be 
potential indicators of tenderness and provide a better overall understanding of postmortem 
tenderization.     
By using 2-D DIGE, a direct, in-gel, comparison can be made between samples 
before and after aging to determine the changes in the proteome that are linked to tenderness.  
The objective of this study is to identify proteins that are altered during the postmortem aging 
process by using muscles that differ in tenderization and postmortem proteolysis.  
Identification of proteins that change in the LD, but not in the AD, may provide insight into 
which protein modifications may affect postmortem tenderization.  This approach can help to 
focus future investigations on proteins that are consistently associated with changes in 
tenderness across muscles.   
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2. Materials and Methods  
2.1 Sample Collection 
Five market weight beef cattle were slaughtered at the Iowa State University Meat 
Laboratory using normal, approved humane slaughter procedures.  The longissimus dorsi 
(LD) the adductor (AD) muscles were removed from both sides of the carcasses at 24 hours 
after slaughter.  Muscles were cut into 2.54 cm thick and 0.64 cm thick steaks. Steaks were 
cut perpendicular to the long axis of the muscle and individually vacuum packaged. Both the 
2.54 and 0.64 cm steaks were aged at 4°C for a total of one, seven or 14 days postmortem. 
The 2.54 cm thick steaks were frozen in their vacuum packages at the end of their respective 
aging periods and were used for star probe analysis of instrumental tenderness.  The 0.64 cm 
thick steaks were frozen in their vacuum packages at the end of their respective aging periods 
and used for biochemical analysis.  All biochemical samples were minced and then powdered 
using liquid nitrogen and a Waring blender (Waring Laboratory; Torrington, CT) before 
biochemical analysis.   
 
2.2 Star Probe Texture Measurement  
Steaks were cooked to an internal temperature of 71°C in an electric oven broiler 
prior to texture analysis.  Star probe measurements were taken as an instrumental indication 
of texture of the selected muscle through analysis of cooked steaks. The method used was 
similar to the method used for pork by Lonergan et al. (2007).  Star probe analysis uses the 
measurement of the peak load necessary to puncture and compress the product to 80% of its 
height. The star probe attachment consists of a circular, five-pointed star-shaped probe 
attached to an Instron Universal Testing Machine (Instron Corporation, Norwood, MA).  The 
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star probe attachment measures 9 mm in diameter with 6 mm between each point.  The angle 
from the end of each point up to the center of the attachment is 48
o
.  The star probe 
attachment punctured and compressed the product at a crosshead speed of 3.3 mm/second.  
Each steak was punctured and compressed three times and the maximum force was recorded 
for each puncture. Measurements were then averaged to determine a star probe value for each 
steak.   
 
2.3 Protein Extraction of Selected Samples 
 For the LD and AD at both one and 14 days postmortem the sarcoplasmic and 
myofibrillar fractions were extracted.  To extract the sarcoplasmic fraction, powdered 
samples were homogenized in three volumes of cold sarcoplasmic extraction buffer (50mM 
Tris, 1mM EDTA, pH 8.5) with a Polytron (PT 3100, Kinematica AG, Littau, Switzerland).  
Samples were then centrifuged at 40,000 x g for 20 min at 4°C.  Supernatant was filtered 
through cheesecloth and protein concentration was determined using the method described 
by Lowry et al. (1951) using premixed reagents (Bio-Rad Laboratories, Hercules, CA).  
Protein concentration of the sarcoplasmic fraction was adjusted to 6 mg/ml using cold 
extraction buffer.  The sarcoplasmic fraction was then separated into aliquots and stored at -
80°C.   
 The remaining pellet was suspended in 10 volumes of a standard salt solution (SSS; 
100mM KCl, 20mM K phosphate (pH 6.85-6.9), 2 mM MgCl2, 2 mM EGTA, 1 mM NaN3) 
and homogenized for 10 sec with a Polytron to break up the pellet.  The pellet was then 
centrifuged for 10 min at 1000 x g and the supernatant was discarded.  The SSS wash was 
repeated two additional times with six and eight volumes of SSS, respectively.  After the 
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third SSS wash, the pellet was suspended in 10 volumes of 5 mM Tris Wash Buffer (pH 8.0), 
vortexed for 10 sec, centrifuged for 10 min at 3020 x g and the supernatant was discarded.  
The Tris wash repeated for a total of three washes with Tris Wash Buffer.   
The washed pellet was then saved for extraction of the myofibrillar fraction according 
to Bouley et al. (2005).  Each pellet was suspended in 10 volumes of myofibrillar extraction 
buffer (8.3 M Urea, 2 M thiourea, 2% CHAPS, 1% DTT, pH to 8.5 with 2 M Tris), vortexed, 
and then gently mixed for 30 min at 4°C.  Solublized proteins were centrifuged for 30 min at 
10,000 x g, and the supernatant was collected.   
Protein concentration of the supernatant was determined using premixed reagents (2D 
Quant kit; GE Healthcare, Piscataway, NJ).  Protein concentration of myofibrillar fraction 
was adjusted to 6 mg/ml using the myofibrillar extraction buffer.  The myofibrillar fraction 
was then aliquoted and stored at -80°C.   
 
2.4 2-Dimensional Difference In Gel Electrophoresis 
   Four comparisons were made to determine the changes in protein profile during 
tenderization.  In the LD, the protein profile of the myofibrillar fraction at 1 day postmortem 
was compared to the protein profile of the myofibrillar fraction at 14 days postmortem (n=5).  
The same comparison of one day postmortem to 14 days postmortem was repeated using the 
sarcoplasmic fraction of the LD (n=5).  This design was then reproduced using the 
myofibrillar (n=5) and sarcoplasmic (n=5) fractions of the AD.  For each fraction and muscle 
combination an internal standard was created.  Each internal standard was a pooled sample 
that was representative of all samples used in an individual fraction and muscle combination 
(Rozanas & Loyland, 2008; Westermeier & Scheibe, 2008).  Proteins were labeled with 
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CyDyes™ (GE Healthcare, Piscataway, NJ) so that the internal standard was always labeled 
Cy 2.  Samples from one and 14 days postmortem from the same carcass, muscle, and protein 
fraction were labeled with Cy 3 and Cy 5.  The dyes (Cy 3 and Cy 5) were switched between 
aging days on each gel.  This design was repeated for each muscle and protein fraction. 
Fifteen µg of protein from one day postmortem, 14 day postmortem, and the internal 
standard were loaded on each strip for a total of 45 µg of protein per gel.  First dimension 
separation of proteins on the basis of isoelectric point (pI) was carried out on Immobiline 
DryStrips (11 cm, pH 3-10, GE Healthcare, Piscataway, NJ) and an Ettan IPGphor 3 
isoelectric focusing system (GE Healthcare, Piscataway, NJ).  In the initial step, a low 
voltage (500 V) was applied followed by a stepwise increase to 6000 V to reach a total of 
11200 V h.  After isoeletric focusing, strips were equilibrated for 15 min in 10 mL of 
equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M Urea, 30% Glycerol, 2% SDS, and a trace 
of Bromophenol Blue) containing 65 mM DTT.  This was followed by an equilibration for 15 
min in 10 mL of equilibration buffer containing 135 mM iodoacetamide (Rozanas & 
Loyland, 2008).   
 Second dimension electrophoresis (separation by molecular weight using SDS-
PAGE) was run at a constant 40 V on 12.5% acrylamide gels (16 X 18 cm; acrylamide: N,N′-
bis-methylene acrylamide= 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.05% N,N,N′N-
tetramethylethylenediamine (TEMED), 0.05% ammonium persulfate [wt/vol], and 0.5 M 
Tris·HCl, pH 8.8) on a SE 600 vertical slab gel unit (Hoefer Scientific
 
Instruments, Holliston, 
MA).   Gels were then imaged on an Ettan DIGE Imager (GE Healthcare, Piscataway, NJ) 
and analyzed to identify differences in relative abundance of individual spots between day 
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one and day 14 samples using the DeCyder 2D Software (v. 6.5; GE Healthcare, Piscataway, 
NJ).  Each muscle fraction was analyzed within muscle across aging days.   
 Preparative gels (gels prepared for spot picking and identification) were loaded with 
300 µg of unlabeled protein from either a day one sample or day 14 sample.  Preparative gels 
were then run under the same conditions as labeled gels.  After second dimension 
electrophoresis, preparative gels were stained with Colloidal Coomassie Blue solution (1.7% 
ammonium sulfate [wt/vol], 30% methanol [vol/vol], 3% phosphoric acid [vol/vol], and 0.1% 
Coomassie G-250 [wt/vol]).  Proteins of interest, determined by differences detected between 
1 and 14 days postmortem by DeCyder 2D Software, were excised from the gel, digested by 
trypsin, and identified using electrospray ionization mass spectroscopy (MS/MS) (Stewart, 
1999).  Peptide-mass mapping was completed using the database search program MASCOT 
(Matrix Science, Boston, MA) to identify proteins based on raw MS/MS data from one or 
more peptides. 
 
2.5 Statistical Analysis 
 Instrumental measurement of tenderness (star probe) was analyzed using GLM 
procedure in SAS (v 9.1; SAS Inst., Inc., Cary, NC).  Instrumental measurement of 
tenderness was analyzed to determine change over time (between 1 and 14 days postmortem) 
for instrumental tenderness within muscle.  For 2-D DIGE, the spots detected in the internal 
standards from each gel were matched using the Biological Variation Analysis Module to 
reduce the gel to gel variation.  The spot-matching algorithm used by the Biological 
Variation Analysis Module is a pattern recognition algorithm that matches a single spot from 
the internal standard of one gel to a single spot from the internal standard of another gel 
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based on the pattern of the surrounding spots.  Significant differences in relative abundance 
of proteins over time were determined using a paired t-test analyzed by DeCyder 2D 
Software (Rozanas & Loyland, 2008).  All comparisons for 2-D DIGE were within muscle 
and fraction to determine the differences between one and 14 days postmortem in relative 
abundance of proteins.   
 
3. Results   
3.1 Instrumental tenderness 
 Star probe analysis in the AD showed no change (P = 0.51) in instrumental 
tenderness throughout the 14-day aging period (Figure 1).  In contrast, the LD had a 
significant response to aging as determined by a reduction in star probe values (P < 0.05) 
over the same period.   Since the AD does not have a significant decrease in instrumental 
tenderness values over time, it is possible that changes in the protein profile of the AD are 
not related to tenderization normally seen during aging.  Because the star probe values of the 
LD decreased during aging and the AD had no detectable change in star probe value, the 
changes in protein abundance that occurred in both muscles during aging may not be 
associated with changes in tenderness across muscles.  However, the changes in protein 
profile of the LD may provide insight into proteome changes that affect or are affected by the 
process of tenderization.    
 
3.2 Adductor myofibrillar fraction 
In the AD myofibrillar fraction, 203 spots were matched across all gels (spot numbers 
corresponding to Figures 2&3 and Tables 1-4 are listed in parentheses).  Six of the matched 
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spots showed a significant difference (P < 0.1) in relative abundance over time when 
compared within muscle (Table 1; Figure 2).  All six spots had a greater relative abundance 
at 14 days postmortem than at one day postmortem.  Five of the six spots were found to be 
glyceraldehyde-3-phosphate dehydrogenase (312-314 and 334-335). These spots had similar 
molecular weights, with different isoelectric points.  The other protein identified as being 
relatively more abundant at 14 days was troponin T, fast skeletal muscle isoform (290).   
 
3.3 Adductor sarcoplasmic fraction 
Of the 187 matched spots in the AD sarcoplasmic fraction, 12 showed a significant 
difference (P < 0.1) in relative abundance over time when compared within muscle (Table 2; 
Figure 3).  All 12 spots had a greater relative abundance at one day postmortem.  Six spots 
were identified as glyceraldehyde-3-phosphate dehydrogenase (309-314), four were 
identified as beta-enolase (221-224), one was identified as L-lactate dehydrogenase A chain 
(370), and one was identified as creatine kinase M-type (373).  The six spots identified as 
glyceraldehyde-3-phosphate dehydrogenase in the sarcoplasmic fraction (309-31t4) had a 
molecular weight and spot location similar to those found in the myofibrillar fraction (312-
314).   
 
3.4 Longissimus dorsi myofibrillar fraction 
In the LD myofibrillar fraction 23 of the 212 matched spots showed a significant 
difference (P < 0.1) in relative abundance over time when compared within muscle (Table 3; 
Figure 2).  Eleven had a greater relative abundance at one day postmortem, and 12 were more 
abundant at 14 days postmortem.  Two of the 11 spots that had a greater relative abundance 
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at one day postmortem were identified as fructose-bisphosphate aldolase A (228-283) along 
with single spots identified as myomesin-2 (101), myosin heavy chain 1 (124), actin (249), 
Alpha-enolase (245), creatine-kinase M-type (374), ATP synthase subunit alpha (237), and 
heat shock cognate 71 kDa protein (193).  Of the 12 spots identified with a greater relative 
abundance at 14 days postmortem, three were identified as glycogen phosphorylase (158-
160), three were identified as glyceraldehyde-3-phosphate dehydrogenase (312-314), two 
were identified as probable fragments of creatine-kinase M-type (327 and 352), two were 
identified as myosin binding protein C (138-139), and other spots were identified as 
tropomyosin alpha-1 chain (331), and beta-enolase (254).   
 
3.5 Longissimus dorsi sarcoplasmic fraction 
Three hundred spots were matched in the LD sarcoplasmic fraction and 26 showed a 
significant difference (P < 0.04) in relative abundance over time when compared within 
muscle (Table 4; Figure 3).  Sixteen had a greater relative abundance at one day postmortem 
and eight were identified as glyceraldehyde-3-phosphate dehydrogenase (307-314), three 
were identified as phosphoglycerate kinase 1 (243-245), two were identified as glycogen 
phosphorylase (41-42), two were identified as creatine-kinase M-type (255 and 257), and one 
was identified as ATP synthase subunit beta (184).  Ten were relatively less abundant at 14 
days postmortem and two were identified as myomesin-2 (11 and 20), two as malate 
dehydrogenase (360 and 362), and others identified as α-actinin-3 (27), and triosephosphate 
isomerase (417). 
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4. Discussion 
In sarcoplasmic and myofibrillar fractions of the AD, there were 18 spots that 
changed in relative abundance over time (Tables 1&2).  However, in the sarcoplasmic and 
myofibrillar fractions of the LD, there were 49 spots that changed in relative abundance over 
time (Tables 3&4).  This variation between the AD and LD provides evidence that the LD is 
undergoing more extensive biochemical changes during postmortem storage than the AD.  
Some of these biochemical changes may be directly related to postmortem tenderization and 
as a result be good indicators of tenderness. 
A number of proteins in the protein profile of the AD were seen to change in relative 
abundance over time, but the AD did not have a significant change in instrumental tenderness 
over the 14 days of aging.  Due to the uniformity in instrumental tenderness values of the AD 
during aging, it is likely that the changes seen in the protein profile may not be directly 
related to the process of tenderization during postmortem storage, specifically in the AD.  
Because the LD increased in tenderness during aging and the AD had no detectable change in 
tenderness, the changes in protein abundance that occurred in both muscles during aging may 
not be associated with changes in tenderness across muscles.   
In both fractions of the AD and LD, changes in relative abundance during aging were 
detected in glyceraldehyde-3-phosphate dehydrogenase, beta-enolase, and/or creatine kinase 
M-type.  In the AD, glyceraldehyde-3-phosphate dehydrogenase was relatively less abundant 
in the sarcoplasmic fraction at 14 days postmortem and had a greater relative abundance in 
the myofibrillar fraction at 14 days postmortem.  In both fractions the spots appear at 
approximately the same molecular weight (36 kDa).  This is indicative of a change in 
solubility of this protein resulting from postmortem changes associated with aging (Boles, 
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Parrish, Huiatt, & Robson, 1992; Laville et al., 2009).  The same pattern is seen in the LD 
myofibrillar and sarcoplasmic fractions, yet due to the lack of a change in tenderness in the 
AD, glyceraldehyde-3-phosphate dehydrogenase may not be consistently linked to tenderness 
changes across muscles.  Beta-enolase was seen to have a lower relative abundance in the 
sarcoplasmic fraction of the AD at 14 days postmortem when compared to one day 
postmortem.  In additional, beta-enolase had a greater relative abundance in the myofibrillar 
fraction of the LD at 14 days postmortem when compared to one day postmortem.   While it 
is less clear, the pattern seen for beta-enolase is similar to that of glyceraldehyde-3-phosphate 
dehydrogenase and suggests that a change in solubility has occured.  While the change in 
relative abundance of glyceraldehyde-3-phosphate dehydrogenase and beta-enolase may be 
related to tenderness in the LD, the changes in relative abundance of these proteins were not 
related to the amount of tenderization that occurred in the AD.   
Like glyceraldehyde-3-phosphate dehydrogenase, the three spots identified as 
creatine kinase M-type in the sarcoplasmic fractions of both the AD and LD (255, 257 and 
373) had a greater abundance at one day postmortem than at 14 days postmortem.  However, 
the spots identified as creatine kinase M-type in the sarcoplasmic fraction of the LD (255 and 
257) are distinctly different from the spots identified as creatine kinase M-type in the 
sarcoplasmic fraction of the AD (373).  In the sarcoplasmic fraction of the AD, creatine 
kinase M-type (373) appears as a fragment (~31 kDa) and in the sarcoplasmic fraction of the 
LD, creatine kinase M-type spots (255 and 257) had molecular weights similar to that of the 
full length protein.  Additionally, three spots identified as creatine kinase M-type (1 intact, 2 
degraded) were seen to change in relative abundance over time in the myofibrillar fraction of 
the LD but not in the myofibrillar fraction of the AD.  In the myofibrillar fraction of the LD, 
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one spot of creatine-kinase (274; 41 kDa) was relatively more abundant at one day 
postmortem compared to 14 days postmortem while the two fragments (327; 33 and 352; 25 
kDa) of creatine kinase M-type had a lower relative abundance at one day postmortem 
compared to 14 days postmortem.   
The presence of fragments of creatine kinase M-type in the sarcoplasmic and 
myofibrillar fractions of the LD indicated that creatine kinase M-type had undergone some 
degradation during aging.  However, degradation is not the only alteration of creatine kinase 
M-type seen in the current study.  The presence of intact and/or degraded creatine kinase M-
type in both fractions of the LD indicated that changes in solubility had also occurred during 
postmortem storage.  Because there is evidence of both protein degradation and solubility 
changes of creatine kinase M-type, the mechanism by which creatine kinase M-type from the 
sarcoplasmic fraction of the LD becomes less abundant over time is unclear.  However, the 
lower relative abundance at 14 days postmortem of the fragment identified from the 
sarcoplasmic fraction of the AD (373) may indicate further degradation of the creatine kinase 
M-type fragment during aging.  Using 2-dimensional PAGE, fragments of creatine kinase 
have previously been shown to increase in abundance during the first 48 hours postmortem in 
whole muscle samples of beef and pork (Bjarnadottir, Hollung, Faergestad, & Veiseth-Kent, 
2010; Lametsch, Roepstorff, & Bendixen, 2002).   However, the effect of solubility changes 
and protein degradation of creatine kinase M-type on tenderness is still unclear.  Because the 
extent to which creatine kinase directly affects tenderization has not been defined, it’s 
potential as an indicator of tenderization remains uncertain.  Glyceraldehyde-3-phosphate 
dehydrogenase, beta-enolase, and creatine kinase M-type change in relative abundance 
during aging in the myofibrillar and sarcoplasmic fractions of the both the AD and LD, but 
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they are not consistently associated with changes in tenderness across both muscles.  
However, identification of proteins that change in relative abundance over time in the LD, 
but not in the AD, may provide insight into which protein modifications may affect 
postmortem tenderization.   
In the LD myofibrillar fraction (Table 3), the structural proteins actin (249), and 
myosin heavy chain 1 (124; fragment) decreased in relative abundance during aging.  A 
decrease in the abundance of actin in the myofibrillar fraction of the LD at 1 day postmortem 
compared to 14 days postmortem is consistent with the findings of Lametsch et al. (2003), 
who saw an increase in the abundance of actin fragments in whole muscle extracts during 
aging in pork.  In the LD myofibrillar fraction, the decrease in the abundance of actin at 1 
day postmortem compared to 14 days postmortem is likely due to degradation of actin by 
proteases similar to that seen in previous studies (Lametsch et al., 2003; Lametsch, 
Roepstorff, Moller, & Bendixen, 2004).   
Actin and myosin heavy chain are potential substrates of both the calpain system 
(Lametsch et al., 2004) and the lysosomal cathepsins (Sentandreu, Coulis, & Ouali, 2002).  
While little actin or myosin degradation has been detected during postmortem aging using 1-
dimensional PAGE methods (Koohmaraie, Whipple, Kretchmar, Crouse, & Mersmann, 
1991; Ouali et al., 1987), actin fragmentation has been observed with 2-dimensional PAGE 
and correlated to tenderness in pork (Lametsch et al., 2003; Lametsch et al., 2004).  Actin 
and myosin are the key proteins in the structure of the thin and thick filaments (Au, 2004).  In 
the current study there is evidence of myosin heavy chain degradation and a decrease in the 
abundance of actin in the myofibrillar fraction of the LD at 1 day postmortem compared to 
14 days postmortem that is consistent with degradation of actin seen in previous studies.  
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Because these proteins play a key role in the structure of the myofibril, any degradation of 
these proteins may disrupt the structure of the myofibril and increase tenderness. 
  Myomesin-2 had a relatively greater abundance in the myofibrillar fraction at one day 
postmortem in the LD.  Both myomesin-2 (11 and 20) and α-actinin-3 (27) had a relatively 
greater abundance in the sarcoplasmic fraction of the LD at 14 days postmortem compared to 
one day postmortem.  Myomesin-2, also called M-protein, binds to titin and myosin and is an 
integral structural component of the M-line (Au, 2004).  Alpha-actinin-3 is a major structural 
component of the Z line in the sarcomere (Vincent et al., 2010) and α-actinin has previously 
been shown to be released from the myofibril by the calpain system without being degraded 
(Goll, Dayton, Singh, & Robson, 1991).  Myomesin-2 and α-actinin may share similar 
functions because each protein helps to anchor the thick or thin filament.  Both of these 
proteins play vital roles in maintaining the integrity of the sarcomere (Agarkova, Ehler, 
Lange, Schoenauer, & Perriard, 2003).  The proteolysis of proteins resulting in the release of 
α-actinin-3 and myomesin-2 into the sarcoplasmic fraction during aging may play a key role 
in postmortem tenderization (Henderson, Goll, & Stromer, 1970; Taylor et al., 1995).   
In the current study there was no evidence of degradation of either myomesin-2 or α-
actinin-3.   However, creatine kinase is a substrate of calpain system (Purintrapiban, Wang, 
& Forsberg, 2001) and a portion (5-10%) of the muscle isoform of creatine kinase is 
localized within the M-line of the myofibril (Au, 2004; Turner, Walliman, & Eppenber, 
1973).  The increased abundance of myomesin-2 in the sarcoplasmic fraction of the LD at 14 
days postmortem compared to one day postmortem and the degradation of creatine kinase 
may be linked.  The release of myomesin-2 from the myofibril may facilitate the degradation 
of creatine kinase through disruption of the M-line, or the degradation of creatine kinase at 
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the M-line may aid in the release of myomesin-2 from the myofibril.  Because both 
myomesin-2 and α-actinin are major structural components of the myofibril, the greater 
abundance in the sarcoplasmic fraction of the LD at 14 days postmortem compared to one 
day postmortem suggests that these proteins undergo a shift in solubility that ultimately 
results in the release of these proteins into the sarcoplasmic fraction.  However, in order to 
release these proteins into the sarcoplasmic fraction, degradation of the surrounding proteins 
in the myofibril is necessary.  Some of the key myofibrillar proteins known to interact with 
myomesin-2 and/or α-actinin-3 are actin, myosin, titin, and nebulin (Clark, McElhinny, 
Beckerle, & Gregorio, 2002).  Therefore, the release of myomesin-2 and/or α-actinin-3 into 
the sarcoplasmic fraction during aging may indicate degradation or disruption of the proteins 
that are associated with myomesin-2 and/or α-actinin-3.   
    
5. Conclusions 
This study illustrated that both glyceraldehyde-3-phosphate dehydrogenase and beta-
enolase are not expected to be robust indicators of tenderness across muscles because 
alterations to the relative abundance of these proteins were not directly related to the amount 
of tenderization that occurred in both the AD and LD during postmortem storage.  In 
additional, the usefulness of creatine kinase M-type as an indicator of tenderness is unclear 
because it undergoes both degradation and solubility changes during postmortem storage.  
Postmortem modifications, through proteolysis or solubility changes, of the structural 
proteins found to change in relative abundance during aging in the LD (actin, myosin heavy 
chain, myomesin-2, and α-actinin-3) can provide evidence of disruption to the structure of 
the myofibril and as a result may give an indication of the extent of tenderization that occurs 
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during postmortem storage.  As a result, actin, myosin heavy chain, myomesin-2, and α-
actinin-3 are anticipated to be good indicators of tenderness across muscles. 
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Figure 1. Star probe values of the longissimus dorsi (LD) and adductor (AD) during aging.  
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Figure 2. 2-D gel of the myofibrillar fraction extracted from bovine longissimus dorsi.  Spots 
identified were found to be significantly different in abundance between samples at 1 and 14 
days postmortem (P < 0.1).  Additional information on identified spots is found in Tables 1 
and 3. 
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Figure 3. 2-D gel of the sarcoplasmic fraction extracted from bovine longissimus dorsi.  
Spots identified were found to be significantly different in abundance between samples at 1 
and 14 days postmortem (P < 0.1).  Additional information on indentified spots is found in 
Tables 2 and 4. 
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Table 1. Identified proteins from proteomic analysis of the myofibrillar fraction of the adductor (AD) over time. 
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
AD Myofibrillar 290 Troponin T, fast skeletal muscle 82 14 <0.01 35 32 
AD Myofibrillar 312 Glyceraldehyde-3-phosphate dehydrogenase 125 14 0.08 36 36 
AD Myofibrillar 313 Glyceraldehyde-3-phosphate dehydrogenase 144 14 0.06 36 36 
AD Myofibrillar 314 Glyceraldehyde-3-phosphate dehydrogenase 126 14 <0.05 36 36 
AD Myofibrillar 334 Glyceraldehyde-3-phosphate dehydrogenase 83 14 <0.01 34 36 
AD Myofibrillar 335 Glyceraldehyde-3-phosphate dehydrogenase 56 14 <0.01 34 36 
a
Refers to spot number identified in Figure 2. 
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
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Table 2. Identified proteins from proteomic analysis of the sarcoplasmic fraction of the adductor (AD) over time. 
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
AD Sarcoplasmic 221 Beta-enolase 245 1 0.10 46 47 
AD Sarcoplasmic 222 Beta-enolase 231 1 0.10 46 47 
AD Sarcoplasmic 223 Beta-enolase 208 1 0.05 46 47 
AD Sarcoplasmic 224 Beta-enolase 220 1 0.09 46 47 
AD Sarcoplasmic 309 Glyceraldehyde-3-phosphate dehydrogenase 191 1 <0.05 36 36 
AD Sarcoplasmic 310 Glyceraldehyde-3-phosphate dehydrogenase 186 1 0.08 36 36 
AD Sarcoplasmic 311 Glyceraldehyde-3-phosphate dehydrogenase 162 1 0.09 36 36 
AD Sarcoplasmic 312 Glyceraldehyde-3-phosphate dehydrogenase 212 1 0.10 36 36 
AD Sarcoplasmic 313 Glyceraldehyde-3-phosphate dehydrogenase 171 1 0.09 36 36 
AD Sarcoplasmic 314 Glyceraldehyde-3-phosphate dehydrogenase 153 1 0.10 36 36 
AD Sarcoplasmic 370  L-lactate dehydrogenase A chain 240 1 <0.05 34 37 
AD Sarcoplasmic 373 Creatine kinase M-type 194 1 0.07 31 43 
a
Refers to spot number identified in Figure 2.  
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
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Table 3. Identified proteins from proteomic analysis of the myofibrillar fraction of the longissimus dorsi (LD) over time. 
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
LD Myofibrillar 101 Myomesin-2 62 1 <0.05 170 165 
LD Myofibrillar 124 Myosin heavy chain 1 101 1 <0.01 150 224 
LD Myofibrillar 138  Myosin-binding protein C, slow-type 189 14 <0.01 120 129 
LD Myofibrillar 139  Myosin-binding protein C, slow-type 227 14 <0.01 120 129 
LD Myofibrillar 158 Glycogen phosphorylase, muscle form 396 14 0.06 85 98 
LD Myofibrillar 159 Glycogen phosphorylase, muscle form 367 14 0.06 85 98 
LD Myofibrillar 160 Glycogen phosphorylase, muscle form 375 14 <0.05 85 98 
LD Myofibrillar 189 
Kelch repeat and BTB domain-containing 
protein 10 
159 1 <0.01 67 69 
LD Myofibrillar 193 Heat shock cognate 71 kDa protein 284 1 <0.05 65 71 
LD Myofibrillar 237 
ATP synthase subunit alpha heart isoform, 
mitochondrial 
337 1 <0.01 46 60 
a
Refers to spot number identified in Figure 2. 
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
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Table 3 (Continued). Identified proteins from proteomic analysis of the myofibrillar fraction of the longissimus dorsi (LD) over 
time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
Refers to spot number identified in Figure 2. 
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
 
 
  
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
LD Myofibrillar 245 Alpha-enolase 203 1 <0.05 46 48 
LD Myofibrillar 249 Actin, alpha cardiac muscle 1 126 1 <0.01 43 42 
LD Myofibrillar 254 Beta-enolase 221 14 <0.05 44 47 
LD Myofibrillar 274 Creatine kinase M-type 245 1 <0.01 41 43 
LD Myofibrillar 282  Fructose-bisphosphate aldolase A 84 1 0.10 39 40 
LD Myofibrillar 283  Fructose-bisphosphate aldolase A 132 1 0.07 39 40 
LD Myofibrillar 312 Glyceraldehyde-3-phosphate dehydrogenase 183 14 <0.01 36 36 
LD Myofibrillar 313 Glyceraldehyde-3-phosphate dehydrogenase 189 14 <0.01 36 36 
LD Myofibrillar 314 Glyceraldehyde-3-phosphate dehydrogenase 212 14 <0.01 36 36 
LD Myofibrillar 327 Creatine kinase M-type 254 14 <0.01 33 43 
LD Myofibrillar 331 Tropomyosin alpha-1 chain 372 14 0.10 32 33 
LD Myofibrillar 347 Carbonic anhydrase 3 166 1 <0.01 26 30 
LD Myofibrillar 352 Creatine kinase M-type 199 14 <0.01 25 43 
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Table 4. Identified proteins from proteomic analysis of the sarcoplasmic fraction (sarco) of the longissimus dorsi (LD) over time. 
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
LD Sarco 4 Myomesin-1 109 14 <0.01 180 187 
LD Sarco 11 Myomesin-2 229 14 <0.01 160 165 
LD Sarco 20 Myomesin-2 132 14 <0.01 150 165 
LD Sarco 27 Alpha-actinin-3 187 14 <0.01 110 104 
LD Sarco 41 Glycogen phosphorylase, muscle form 493 1 <0.01 100 98 
LD Sarco 42 Glycogen phosphorylase, muscle form 437 1 <0.01 100 98 
LD Sarco 90   Kelch repeat and BTB domain-containing protein 10 243 14 <0.01 75 69 
LD Sarco 179  Retinal dehydrogenase 1 257 14 <0.01 55 55 
LD Sarco 184 ATP synthase subunit beta, mitochondrial 350 1 <0.01 50 56 
LD Sarco 197 Adenosylhomocysteinase 193 14 <0.05 50 48 
LD Sarco 243   Phosphoglycerate kinase 1 322 1 <0.05 45 45 
LD Sarco 244   Phosphoglycerate kinase 1 270 1 <0.01 45 45 
LD  Sarco 245   Phosphoglycerate kinase 1 307 1 <0.05 45 45 
a
Refers to spot number identified in Figure 2. 
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
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Table 4 (Continued). Identified proteins from proteomic analysis of the sarcoplasmic fraction (sarco) of the longissimus dorsi (LD) 
over time. 
Muscle Fraction Spot #
a
 Name 
Mowse 
Score
b
 
Greater 
Abundance 
at day P Value 
Observed 
MW (kDa)
c
 
Theoretical 
MW (kDa)
d
 
LD Sarco 255 Creatine kinase M-type 299 1 <0.01 43 43 
LD Sarco 257 Creatine kinase M-type 340 1 <0.05 43 43 
LD Sarco 307 Glyceraldehyde-3-phosphate dehydrogenase 68 1 <0.01 37 36 
LD Sarco 308 Glyceraldehyde-3-phosphate dehydrogenase 170 1 <0.01 37 36 
LD Sarco 309 Glyceraldehyde-3-phosphate dehydrogenase 191 1 <0.01 37 36 
LD Sarco 310 Glyceraldehyde-3-phosphate dehydrogenase 186 1 <0.01 37 36 
LD Sarco 311 Glyceraldehyde-3-phosphate dehydrogenase 162 1 <0.01 37 36 
LD Sarco 312 Glyceraldehyde-3-phosphate dehydrogenase 212 1 <0.01 37 36 
LD Sarco 313 Glyceraldehyde-3-phosphate dehydrogenase 171 1 <0.01 37 36 
LD Sarco 314 Glyceraldehyde-3-phosphate dehydrogenase 153 1 <0.01 37 36 
LD Sarco 360 Malate dehydrogenase, cytoplasmic 144 14 <0.05 31 37 
LD Sarco 362 Malate dehydrogenase, cytoplasmic 169 14 <0.01 31 37 
LD Sarco 417 Triosephosphate isomerase 193 14 <0.01 25 27 
a
Refers to spot number identified in Figure 2. 
b
Similarity score used for the identification of proteins from the molecular weight of peptides created by trypsin digest. A mowse score greater than 48-67 
indicates that the probability of a match due to random chance is (P < 0.05).  
c
Approximate molecular weight estimated from 2-D PAGE. 
d
Theoretical molecular weight predicted from amino acid sequence. 
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MYOSIN LIGHT CHAIN 1 RELEASE FROM MYOFIBRILLAR FRACTION DURING 
POSTMORTEM AGING IS A POTENTIAL INDICATOR OF PROTEOLYSIS AND 
IMPROVEMENT IN TENDERNESS OF BEEF  
 
A paper submitted to Meat Science 
 
M. J. Anderson, S. M. Lonergan, and E. Huff-Lonergan 
 
Abstract 
The objective of this study was to identify proteins in bovine longissimus dorsi muscle that 
are related to tenderness.  Two dimensional difference in gel electrophoresis (2D-DIGE) was 
used to compare the sarcoplasmic fractions from steaks that differed in star probe values at 
14 days postmortem.  The intensity of myosin light chain 1 (MLC1) was greater in the 
sarcoplasmic fraction of steaks that were more tender at day 14 postmortem.  It was 
hypothesized that μ-calpain catalyzes the release MLC1 into the sarcoplasmic fraction.  
Myofibrils from beef longissimus dorsi were purified and incubated with µ-calpain and the 
appropriate buffer controls.  μ-Calpain was added at 1.23 μg (0.0875 U) of purified μ-
calpain/mg myofibrillar protein.  Incubations of one and 120 min had a greater release of 
MLC1 into the highly soluble supernatants than the control incubations.  As a consequence 
of μ-calpain proteolysis, MLC1 is rapidly released from the myofibril and is a potential 
indicator of proteolysis and improvement in beef tenderness.  
Keywords: Myosin light chain 1, μ-calpain, proteolysis 
 
1. Introduction 
There is substantial evidence that proteolysis of myofibrillar, intermediate filament and 
cytoskeletal proteins has a direct impact on tenderization that occurs during normal 
postmortem aging of beef (Koohmaraie, 1996; Taylor, Geesink, Thompson, Koohmaraie, & 
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Goll, 1995).  The calpain system, specifically µ-calpain, is responsible for the majority of the 
postmortem proteolysis of muscle proteins associated with tenderness (Geesink, Kuchay, 
Chishti, & Koohmaraie, 2006; Huff-Lonergan, Zhang, & Lonergan, 2010).  During 
postmortem storage of meat, numerous proteins are broken down by μ-calpain.  This can 
result in degraded protein or in the release of other proteins that are not degraded (Goll, 
Thompson, Li, Wei, & Cong, 2003; Zeece, Robson, Lusby, & Parrish, 1986).  Factors that 
regulate calpain activity include oxidation (Lametsch, Lonergan, & Huff-Lonergan, 2008), 
nitrosylation (Huff-Lonergan et al., 2010), protein denaturation (Kim, Lonergan, & Huff-
Lonergan, 2010), and calpastatin activity (Koohmaraie, 1992). Therefore it is clear that many 
conditions in postmortem muscle can influence what proteins are degraded or otherwise 
altered during the conversion of muscle to meat and during aging of fresh meat.    
Many changes occur in the structure of the myofibril during postmortem aging (Parrish, 
Young, Miner, & Andersen, 1973).  Changes in some proteins are important indicators of 
water holding capacity (Melody et al., 2004) and tenderness (Ho, Stromer, & Robson, 1994; 
Huff-Lonergan et al., 1996).  Many of these changes have been identified with the use of 
one-dimensional SDS-PAGE gels.  However, in a one-dimensional gel it can be difficult to 
discern the presence of proteins or protein fragments with similar molecular weights.  Thus, 
it is impractical to use one-dimensional gels to visualize the numerous multiple proteins and 
protein fragments that have similar molecular weights. 
Two-dimensional (2-D) Difference In Gel Electrophoresis (DIGE) is a novel technology 
that can be used to identify the protein profile of muscle by separating proteins by both 
molecular weight and isoelectric point.  This technique allows for the separation and 
detection of proteins that would appear together in a single band with one-dimensional 
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PAGE methods.  The use of 2-D DIGE allows a more detailed study of postmortem changes 
that alter the structure of the myofibril to identify potential indicators of tenderness (Hollung, 
Veiseth, Jia, Faergestad, & Hildrum, 2007).  The objective of this study was to identify 
proteins in bovine longissimus dorsi muscle that are related to tenderness. 
 
2. Materials and Methods 
2.1 Collection of samples 
Ten market weight beef cattle were slaughtered at the Iowa State University Meat 
Laboratory using normal, approved humane slaughter procedures.  Longissimus dorsi (LD) 
muscles were removed from carcasses at 24 hours after slaughter.  Muscles were cut into 
2.54-cm thick and 0.64-cm thick steaks. Steaks were cut perpendicular to the long axis of the 
muscle and individually vacuum packaged. Both the 2.54 and 0.64 cm steaks were aged at 
4°C for a total of either one or 14 days postmortem. The 2.54 cm thick steaks were and were 
used for star probe and sensory analysis.  The 0.64 cm thick steaks were frozen in their 
vacuum packages at the end of their respective aging periods and used for biochemical 
analysis.   
 
2.2 Extraction of sarcoplasmic fraction 
The highly soluble sarcoplasmic fraction was extracted from the longissimus dorsi 
samples aged one day postmortem.  Frozen longissimus dorsi samples aged one day 
postmortem were minced and then powdered using liquid nitrogen and a Waring blender 
(Waring Laboratory; Torrington, CT).  Powdered muscle samples of the LD aged one day 
postmortem were homogenized in three volumes of cold sarcoplasmic protein extraction 
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buffer (50mM Tris-HCl, 1mM EDTA, pH 8.5; Carlin, Huff-Lonergan, Rowe, & Lonergan, 
2006) with a Polytron (PT 3100, Kinematica AG, Littau, Switzerland).  Samples were then 
centrifuged at 40,000 x g for 20 min at 4°C.  The supernatant was filtered through 
cheesecloth and the protein concentration was determined using the method described by 
Lowry et al. (1951) using premixed reagents (Bio-Rad Laboratories, Hercules, CA).  The 
protein concentration of the sarcoplasmic fraction was adjusted to 10 mg/ml using cold 
extraction buffer, separated into aliquots, and stored at -80°C until analysis.   
 
2-D DIGE Comparison of Steaks Differing in Star Probe Value    
2.3 2-Dimensional Difference In Gel Electrophoresis (2-D DIGE) 
From the ten LDs collected at slaughter, the two LDs that had the lowest star probe 
value at 14 days (average kg of force = 3.75) were designated as the low star probe group and 
the two LDs that had the highest star probe value at 14 days (average kg of force = 6.57) 
were designated as the high star probe group.  Using 2-D DIGE, the sarcoplasmic fractions 
from steaks aged one day postmortem were used to compare the high star probe group to the 
low star probe group.  Four comparisons were made between the two high star probe samples 
and the two low star probe samples (Table 1).  An internal standard was created that was a 
pooled sample that was representative of the samples used in the study (Rozanas & Loyland, 
2008; Westermeier & Scheibe, 2008).  Proteins were labeled according to the manufacturer’s 
directions with CyDyes™ (GE Healthcare, Piscataway, NJ) so that the internal standard was 
always labeled Cy2.  High and low star probe samples were labeled with Cy 3 and Cy 5 in 
separate aliquots.  Each sample was run once labeled with Cy 3 and once labeled with Cy 5.  
The dye labeling the high or low star probe samples (Cy 3 or Cy 5) was alternated on every 
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gel.  Fifteen μg of protein from the high star probe, low star probe, and the internal standard 
were loaded on each strip for a total of 45 μg of protein per gel.   
The first dimension separation of proteins on the basis of isoelectric point (pI) was 
carried out on Immobiline DryStrips (13 cm, pH 4-7, GE Healthcare, Piscataway, NJ) 
rehydrated with DeStreak Rehydration Solution (GE Healthcare, Piscataway, NJ) containing 
2.5 mM DL-dithiothreitol (DTT).  First dimension focusing was performed on an Ettan 
IPGphor 3 isoelectric focusing system (GE Healthcare, Piscataway, NJ).  In the initial step, a 
low voltage (500 V) was applied followed by a stepwise increase to 8000 V to reach a total 
of 18500 V h.  After isoeletric focusing, strips were equilibrated for 15 mins in 10 ml of 
equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M Urea, 30% Glycerol, 2% SDS, and a trace 
of Bromophenol Blue) containing 65 mM DTT.  This was followed by an equilibration for 15 
mins in 10 ml of equilibration buffer containing 135 mM iodoacetamide (Rozanas & 
Loyland, 2008).   
 Second dimension electrophoresis (separation by molecular weight using SDS-
PAGE) was run on 12.5% acrylamide gels (16 X 18 cm; acrylamide: N,N′-bis-methylene 
acrylamide= 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.05% N,N,N′N-tetramethylethylenediamine 
(TEMED), 0.05% ammonium persulfate [wt/vol], and 0.5 M Tris-HCl, pH 8.8) on a SE 600 
vertical slab gel unit (Hoefer Scientific
 
Instruments, Holliston, MA) at a constant 120 V.   
Gels were then imaged on an Ettan DIGE Imager (GE Healthcare, Piscataway, NJ) and 
analyzed to identify differences between the high and low star probe groups in relative 
abundance of individual spots using the DeCyder 2D Software (v. 6.5; GE Healthcare, 
Piscataway, NJ).   
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 Preparative gels were loaded with 300 µg of unlabeled protein from either a high or 
low star probe sample.  Preparative gels were then run under the same conditions as labeled 
gels.  After second dimension electrophoresis, preparative gels were stained with Colloidal 
Coomassie Blue solution (1.7% ammonium sulfate [wt/vol], 30% methanol [vol/vol], 3% 
phosphoric acid [vol/vol], and 0.1% Coomassie G-250 [wt/vol]).  Proteins of interest were 
determined by differences detected between high and low star probe groups by the DeCyder 
2D Software.  The proteins that were significantly different in abundance between the high 
and low star probe groups were excised from the gel, digested with trypsin, and identified 
using electrospray ionization mass spectroscopy (MS/MS) (Stewart, 1999).  Peptide-mass 
mapping was completed using the database search program MASCOT (Matrix Science, 
Boston, MA) to identify proteins based on raw MS/MS data from one or more peptides. 
 
2.4 Statistical Analysis of 2-D DIGE 
Gel images were analyzed with the DeCyder™ 2D software v6.5 (GE Healthcare, 
Piscataway, NJ) using Student’s paired t-test to determine differences in resolved protein 
relative abundance between high and low star probe groups.  A significant difference was 
determined by a P value of less than 0.1.   
 
Incubation of Myofibrils with μ-Calpain  
2.5 Purification of μ-Calpain 
µ-Calpain was purified from bovine semimembranosus muscle obtained 45 min 
postmortem (Huff-Lonergan et al., 1996; Maddock, Huff-Lonergan, Rowe, & Lonergan, 
2005).  The purified μ-calpain had a specific activity of 71.4 U/mg of protein and consisted 
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only of the 80- and 28-kDa subunits when analyzed by SDS-PAGE (Figure 1).  One unit of 
calpain is defined as the amount of calpain required to increase the absorbance
 
at 278 nm of 
the supernatant fraction by one unit due to the
 
release of trichloroacetic acid-soluble 
polypeptides resulting
 
from the digestion of casein (Koohmaraie, 1990).  
 
2.6 Incubation Procedure 
Myofibrils from bovine longissimus dorsi muscle collected at 24 hours postmortem 
were prepared according to Huff-Lonergan et al. (1995) and stored in 50% (vol/vol) glycerol 
at -20°C until used. For each assay, 4 mL of glycerinated myofibrils were spun at 3,100 x g 
for six min at 4°C.  Pellets were washed with 2 mL of 5 mM Tris-HCl, pH 8.0, and then 
centrifuged again at 3,100 x g for six min at 4°C. The supernatants were removed and the 
myofibril pellets were washed twice in 2 mL of a 4°C buffer containing 165 mM NaCl, 50 
mM 2-(4-morpholino)-ethane sulfonic acid (MES)-Tris pH 6.5 (pH was adjusted at 4°C with 
cold 2 M Tris). After each wash, the samples were centrifuged at 1,100 x g for six min. After 
the final centrifugation, the pellets were resuspended in 2 mL of the 165 mM NaCl, 50 mM 
MES-Tris pH 6.5 buffer.  Protein concentrations were measured by using the biuret 
procedure as modified by Robson et al. (1968).  Protein concentrations were adjusted with 
buffer (165 mM NaCl, 50 mM MES-Tris, pH 6.5) to 6 mg of protein/mL.  CaCl2 and 2-
Mercaptoethanol (MCE) were added to the reaction mixture to reach a final concentration of 
100 μM CaCl2, and 15 mM MCE.  After samples equilibrated for five min at 4°C, 1.23 μg 
(0.0875 U) of pure μ-calpain were added per mg of myofibrillar protein.  In the EDTA 
control, 200 mM EDTA was added for a final concentration 20 mM EDTA prior to the 
addition of μ-calpain.  The addition of EDTA prior to adding μ-calpain in the EDTA control 
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was done in order to chelate the calcium needed to activate μ-calpain.  Without activated μ-
calpain, this treatment provided an indication of the abundance of the 30 kDa degradation 
product of troponin-T and myosin light chain 1 (MLC1) in the myofibrils or supernatant if no 
additional proteolysis occured.  In the buffer control no μ-calpain was added, but an 
equivalent volume of buffer (165 mM NaCl, 50 mM MES-Tris, pH 6.5) was added in its 
place. The buffer control was used to show the effects of calcium alone during the 120 mins 
of incubation.  All incubations were done in triplicate.  Final reaction volumes were 2.5 mL.  
After one or 120 min on ice after addition of μ-calpain samples were briefly mixed and 1 mL 
was removed.  One mL samples were added to an aliquot of 200 mM EDTA to bring the final 
concentration of EDTA to 20 mM to chelate the calcium and stop the reaction.  Samples were 
centrifuged at 12,000 x g for 15 min at 4°C.  Each supernatant was removed, its volume 
measured, and reserved.  An amount of 5 mM Tris-HCl, pH 8.0, equal to the amount of 
supernatant removed was added to resuspend the pellets.  After thorough resuspension of the 
myofibrils, pyronin Y tracking dye (3 mM EDTA, 3% [wt/vol] SDS, 30% [vol/vol] glycerol, 
.003% [wt/vol] pyronin Y, 120 mM DTT, and 30 mM Tris-HCl, pH 8.0) (Wang, 1982) was 
added at a ratio of 3:1 (sample:dye) by volume.  Proteins from each reserved supernatant 
were precipitated with 70% TCA, centrifuged at 12,000 x g for 15 min at 4°C, and 
resuspended in 25 μl of pyronin Y tracking dye. Samples (both myofibrils and supernatant 
proteins) were immediately heated at 50°C for 15 min and stored at -80°C until loaded onto 
gels. 
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2.7 SDS-PAGE electrophoresis  
 Pellet samples from each μ-calpain incubation were used to determine troponin-T 
degradation to verify that protein degradation occurred with added µ-calpain.  Supernatant 
samples from the μ-calpain incubation were used to determine the abundance of MLC1 in the 
soluble protein fraction that was released by μ-calpain degradation during incubation.  All 
samples (pellets and supernatant proteins) from the μ-calpain incubation were run on 15% 
acrylamide separating gels (10 cm x 10.5 cm; acrylamide: N,N′-bis-methylene acrylamide= 
100:1 [wt/wt], 0.1% SDS [wt/vol], 0.05% N,N,N′N-tetramethylethylenediamine (TEMED), 
0.05% ammonium persulfate [wt/vol], and 0.5 M Tris-HCl, pH 8.8) for SDS-PAGE and 
Western blotting.  A 5% acrylamide stacking gel (acrylamide: N,N′-bis-methylene 
acrylamide = 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.125% TEMED, 0.075% ammonium 
persulfate [wt/vol], and 0.125 M Tris-HCl, pH 6.8) was used on all of the acrylamide gels.  
The running buffer for all gels consisted of 25 mM Tris, 192 mM Glycine, 2 mM EDTA, and 
.1% [wt/vol] SDS (Melody, et al., 2004).  Gels for MLC1 and troponin-T were run on SE 260 
Hoefer units (Hoefer Scientific
 
Instruments).   Gels for the detection of troponin-T 
degradation were loaded with 60 μg of protein from the pellet per lane and run at a constant 
voltage of 120V for 2.5 hours.  Gels to determine the release of MLC1 by μ-calpain were 
loaded with all precipitated supernatant proteins in 25 μl of pyronin Y tracking dye and run at 
a constant 120 V.  
  
2.8 Transfer Conditions 
Proteins were transferred to polyvinylidene difluoide (PVDF) membranes (Millipore; 
Billerica, MA) using a TE22 Mighty Small Transphor electrophoresis unit (Hoefer Scientific 
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Instruments; Holliston, MA) at a constant voltage of 90 V for 1.5 hours.  Transfer buffer 
consisted of 25 mM Tris, 192 mM glycine, 2 mM EDTA, and 15% [vol/vol] methanol.  
Temperature of the transfer buffer was maintained at -5.0°C using a refrigerated circulating 
water bath (Ecoline RE106; Lauda Brinkmann, Westbury, NY).   
 
2.9 Western blotting  
Post transfer, all membranes were blocked in PBS-Tween [80 mM disodium 
hydrogen orthophosphate, 20 mM sodium dihydrogen orthophosphate, 100 mM sodium 
chloride, 0.1% [vol/vol] polyoxyethlene sorbitan monolaurate (Tween-20)] with 5% nonfat 
dry milk [wt/vol].  Membranes for troponin-T and MLC1 detection were blocked for one 
hour at room temperature and then rinsed with PBS-Tween.  Membranes for the detection of 
troponin-T degradation were incubated for one hour at room temperature (23°C) with the 
primary antibody (monoclonal anti-troponin-T antibody, JLT-12; Sigma-Aldrich., St. Louis, 
MO) diluted 1:20,000 in PBS-Tween and held overnight at 4°C (Melody et al., 2004).  
Membranes for the detection of MLC1 were incubated for one hour at room temperature 
(23°C) with the primary antibody (monoclonal anti-myosin light chain 1 antibody, F310 
(Crow & Stockdale, 1986); Developmental Studies Hybridoma Bank, University of Iowa, 
Iowa City, IA;) diluted 1:10,000 in PBS-Tween and held overnight at 4°C.  All membranes 
were rinsed three times for 10 minutes with PBS-Tween to achieve a total rinse time of 30 
minutes.  Blots for the detection of troponin-T and MLC1 were then incubated for one hour 
at room temperature (23°C) with the secondary antibody (goat anti-mouse-HRP, catalog No. 
A2554; Sigma Chemical Co., St. Louis, MO) diluted to 1:20,000 and 1:30,000 (respectively) 
in PBS-Tween.  Membranes were again rinsed three times for 10 minutes with PBS-Tween 
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to achieve a total rinse time of 30 minutes before chemiluminescence detection (Melody et 
al., 2004). 
Chemiluminescence detection was initiated using premixed reagents (ECL Plus kit; 
GE Healthcare, Piscataway, NJ). Chemiluminescence was detected using a 16-bit megapixel 
CCD camera (FluorChem 8800, Alpha Innotech Corp., San Leandro, CA) and FluorChem 
IS-800 software (Alpha Innotech Corp.).  Densitometric measurements were completed using 
the AlphaEaseFC software v. 3.0.3 (Alpha Innotech Corp.).   
 
2.10 Statistical analysis of Western blots 
Up to four major bands (3 intact and a 30 kDa degradation product) were detected in 
troponin-T western blots (Figure 3) and one major band was detected in MLC1 western blots 
(Figure 4).  Densitometry measurements were made using AlphaEaseFC software (Alpha 
Innotech Corp.) to determine the abundance of bands corresponding to the 30 kDa 
degradation product of troponin-T, and the major band of MLC1.  The ratio of the intensity 
of the sample band to the intensity of the same band in a reference sample (bovine 
longissimus dorsi, aged seven days postmortem, 150 μg reference sample loaded per gel), 
which appeared on all blots, was used to normalize comparisons across all blots.  The ratio of 
the intensity of the sample band to the intensity of the same band in a reference sample was 
used to analyze differences between incubation treatments in the intensity of the 30 kDa 
degradation product of troponin-T and intensity of the MLC1 band.  
Troponin-T and MLC1 western blot data were analyzed using GLM procedure in 
SAS (v9.1; SAS Inst., Inc., Cary, NC) to determine differences between incubation 
treatments.  Least squares means were separated using the PDIFF option.   
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3. Results  
3.1 2-D DIGE 
When the 2D-DIGE comparison of the high and low star probe samples was done, 
there were 20 spots that differed in relative abundance (P<.1) between the two groups.  
Twelve spots were identified by mass spectroscopy and a peptide-mass mapping database 
search (Table 2; Figure 2).  Five of the identified spots (147, 149, 150, 152, and 376) were 
determined to be the glycolytic enzyme phosphoglucomutase 1.  The most alkaline (149) of 
the five phosphoglucomutase 1 spots was found to be more abundant (P < 0.05) in the high 
star probe samples while the remaining four spots (147, 150, 152, and 376) were more 
abundant (P < 0.05) in the low star probe samples.  In a one-dimensional western blot for 
phosphoglucomutase 1, all five spots (147, 149, 150, 152, and 376) would appear as a single 
band and differences may not be detectable.  Within a single band, differences in abundance 
may be undetectable because any increase in abundance in one spot could be masked by a 
decrease in abundance of the other spots.  The result would be a single band without a 
measurable net change in intensity.  This demonstrates that interpretation of a one-
dimensional gel is difficult, as some modifications, like phosphorylation, acetylation and 
methylation, that change the isoelectric point of the protein may not be detected using one 
dimensional SDS-PAGE.   
Five of the remaining identified spots that were differentially abundant were found to 
be structural proteins including myomesin-2 (77), tropomyosin alpha 1 chain (269), actin 
(155), and MLC1 (334 and 335).  Myomesin-2 (77) tended to be more abundant (P = 0.079) 
in the low star probe samples while tropomyosin alpha 1 chain (269), actin (155), and MLC1 
(334 and 335) were more abundant (P < 0.05) in the low star probe samples.  Myomesin-2 is 
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a component of the M-line which acts as an anchoring point for the thick filament (Au, 
2004).  Tropomyosin alpha 1 chain and actin are two major proteins that form the thin 
filament (dos Remedios et al., 2003).  MLC1 is associated with the head region of the myosin 
molecule (Au, 2004) and its primary function is to modulate the myosin motor (Timson, 
2003).  MLC1 also interacts with actin in the actomyosin complex (Andreev & Borejdo, 
1995; Prince et al., 1981). MLC1 has previously been detected to be more abundant in the 
sarcoplasmic fraction of beef samples with lower shear force values (Jia et al., 2009).  Each 
of these structural proteins would normally be found in the less soluble myofibrillar fraction 
in living tissue and the release or degradation of these proteins could affect the stability of 
myofibril structure.   
Of the structural proteins listed, two spots were identified (334 and 335) as MLC1 
and both spots were more abundant (P < 0.01) in the low star probe samples.  In a MLC1 
band from a one-dimensional western blot, the change in abundance of one spot would 
coincide with the change in abundance seen in a second spot as long as the change is in the 
same direction.  As a result, differences in abundance resulting from tenderness variation are 
more likely to be detectable in a one-dimensional western blot for MLC1 than for a protein 
like phosphoglucomutase 1.  Because of this and its previously established relationship to 
tenderness, MLC1 could be a primary candidate protein for predicting tenderness using a one 
dimensional western blot. While a relationship to tenderness has previously been documented 
for MLC1 (Jia et al., 2009), the underlying mechanism by which it is released into the 
sarcoplasmic fraction is still unknown.   
It was hypothesized that proteolysis by endogenous proteinases could create the 
conditions needed to allow the release of MLC1 into the sarcoplasmic fraction.  Because μ-
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calpain is responsible for the majority of postmortem proteolysis of muscle proteins 
associated with tenderness (Geesink et al., 2006; Huff-Lonergan et al., 2010), it was 
hypothesized μ-calpain could also be responsible for the release of MLC1 into the 
sarcoplasmic fraction.  The objectives for the second section of the study were to determine 
the extent to which μ-calpain activity could be responsible for the appearance of MLC1 in the 
highly soluble fraction during aging and examine the rate of the appearance of MLC1 in the 
highly soluble fraction during incubation with μ-calpain. 
 
3.2 Western blots 
Incubation of purified µ-calpain with bovine myofibrils resulted in the expected 
generation of a 30 kDa band that is detected by an anti-troponin T antibody (Figure 3).  This 
is especially noted in the samples from the 120 min incubations. This is consistent with other 
reports that the 30 kDa band of troponin-T is a product of µ-calpain digestion of myofibrillar 
protein (Goll, Dayton, Singh, & Robson, 1991; Huff-Lonergan et al., 1996; Weaver, Bowker, 
& Gerrard, 2009).  Importantly, troponin-T degradation is also known as a marker for 
progression of protein degradation in postmortem muscle (Huff-Lonergan et al., 1996). 
  Incubation of myofibrils with calcium alone or with calpain and EDTA did not result in 
notable generation of the 30 kDa troponin-T fragment during the 120 minute incubation.  
These observations document that the proteolysis was likely specifically due to the added µ-
calpain activated by calcium in this experiment.  This observation is good evidence that little 
to no protease activity existed within the purified myofibrils.  
Incubation of myofibrils with μ-calpain and 100 μM CaCl2 resulted in detection of 
MLC1 in the supernatant protein fraction isolated after incubation (Figure 4).  This product is 
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similar in size (~21 kDa) to the intact MLC1 noted in the sarcoplasmic fraction of aged beef 
samples in the 2-D gels.  The appearance of MLC1 in the supernatant protein fraction is not 
due to calcium alone; however the appearance of the MLC1 reactive band in the supernatant 
protein fraction appears to be a rapid response to exposure to both µ-calpain and calcium.  In 
fact, the MLC1 band in the supernatant at 120 minutes of incubation was as intense as the 
MLC1 band in the supernatant at one minute of incubation (P > 0.05).  Incubation of 
myofibrils with calcium alone or with calpain and EDTA resulted in minimal release of 
MLC1 into the supernatant fraction.  This illustrates that in this experiment the release of 
MLC1 was due to proteolysis by the calcium activated μ-calpain added to the reaction, and 
not an effect of either calcium alone or unactivated μ-calpain.   
 
4. Discussion 
The appearance of MLC1 in the soluble fraction is not strongly correlated to 
troponin-T degradation.  This is evident because both the one min and 120 min incubations 
had similar amounts of MLC1 in the supernatant after the incubation, but only the 120 min 
incubation had significant troponin-T degradation.  This relationship shows that the amount 
of MLC1 in the sarcoplasmic protein fraction may be a poor indicator of the extent of overall 
protein degradation at later times postmortem, but rather an indicator that some proteolysis 
had occurred early postmortem.  However, the amount of MLC1 in the sarcoplasmic fraction 
could still be a suitable predictor of ultimate tenderness because of its greater abundance in 
tender samples.  A greater release of MLC1 into the sarcoplasmic fraction may indicate that a 
sample is going to ultimately have increased proteolysis, but due to the rapid release of 
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MLC1 the intensity of the MLC1 band from a sample collected at one day postmortem may 
not differ from the MLC1 band seen at three days postmortem or later. 
It can be concluded that protein degradation by μ-calpain is responsible for the release 
of MLC1 into the highly soluble supernatant during incubation with μ-calpain.  The same 
mechanism could be responsible for the release of MLC1 into the sarcoplasmic fraction that 
is seen during aging of fresh beef.  From the molecular weight estimated by SDS-PAGE and 
2D-PAGE (~21 kDa) it is difficult to determine if MLC1 has been degraded during the μ-
calpain incubation.  If the MLC1 in the highly soluble fraction is not degraded then its 
release is likely due to degradation of the proteins associated with MLC1.   
Myosin heavy chain and actin are the two proteins that are associated with MLC1 
(Andreev & Borejdo, 1995; Au, 2004; Prince et al., 1981).  MLC1 can bind to both actin and 
myosin heavy chain by means of a 41 residue “tail” at its N-terminus (Henry et al., 1985; 
Pliszka, Redowicz, & Stepkowski, 2001; Sutoh, 1982).  The 41 residue N-terminal “tail” of 
MLC1 is thought to add stabilize the interaction between actin and myosin by keeping them 
in close proximity (Hayashibara & Miyanishi, 1994).  Cleavage of the 41 residue N-terminal 
“tail” can cause MLC1 to lose its ability to bind to either actin or myosin (Henry et al., 1985; 
Pliszka et al., 2001).  Additionally, Samarel et al. (1986) showed that MLC1 can be extracted 
with the less soluble myofibrillar proteins while in the presence of myosin heavy chain.  
However, when extracted in the absence of myosin heavy chain, MLC1 was found in the 
soluble fraction (Samarel et al., 1986).  Therefore, disruption of MLC1, by a protease like μ-
calpain, may weaken the interaction between actin and myosin and may account for the 
appearance of MLC1 in the highly soluble fraction.   
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Using 2D gels and mass spectrometry analysis, both myosin heavy chain and actin 
have been shown to be degraded during aging (Lametsch et al., 2003; Lametsch, Roepstorff, 
Moller, & Bendixen, 2004).  Degradation of myosin heavy chain during aging could 
potentially cause the release of MLC1 into the sarcoplasmic fraction.  Release of MLC1 from 
the myofibrillar matrix into the sarcoplasmic fraction by μ-calpain would decrease the 
amount of MLC1 that could interact with the actomyosin complex.  The presence of MLC1 
in the actomyosin complex has been shown to strengthen the bond between actin and myosin 
(Hayashibara & Miyanishi, 1994).  Therefore, release of MLC1 into the highly soluble 
fraction has the potential to weaken the actomyosin bond.  It has been suggested that the 
weakening of the actomyosin complex after 24 hours postmortem may be an important 
contributor to tenderization during aging (Goll, Thompson, Taylor, & Christiansen, 1992).  
During aging, the weakening of the bond between actin and myosin could cause the 
disruption of the actomyosin crossbridges and result in a more tender product (Taylor et al., 
1995).  If the actomyosin bond is broken, a direct effect on tenderness may be noted early 
postmortem, but if the bond is only weakened the ultimate effect on tenderness may not be 
detected until later.  The release of MLC1 appears to be important to tenderness, but a better 
understanding of the role of MLC1 in actomyosin stability is needed to understand the 
mechanism of how the release of MLC1 will affect tenderness.    
   
5. Conclusions 
Using 2-D DIGE to compare the proteome of muscles that differ in tenderness, 
proteins were identified that may be useful as potential indicators of tenderness.  Myomesin-
2, tropomyosin alpha 1 chain, actin, phosphoglucomutase 1, and MLC1 differed in relative 
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abundance in the sarcoplasmic fraction of high and low star probe samples.  MLC1 has been 
shown to have a relationship to tenderness (Jia et al., 2009) and to interact with the 
actomyosin complex (Hayashibara & Miyanishi, 1994) and was therefore selected as the 
primary candidate protein for predicting tenderness using a one dimensional western blot. 
Myofibril incubation with μ-calpain revealed that μ-calpain catalyzes the rapid 
release of MLC1 from the myofibril.  MLC1 is a candidate protein for determining 
postmortem tenderization.  However, the means by which MLC1 influences tenderness needs 
to be further examined. One hypothesis is that the release of MLC1 may influence tenderness 
by altering the stability of the actomyosin complex, but additional research is needed to 
clarify the exact role of MLC1 in postmortem tenderization during aging. 
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Figure 1. 15% SDS-PAGE gel of purified μ-calpain used for incubation procedure.   Specific 
activity was found to be 71.4 U/mg of protein and only of the 80- and 28-kDa subunits were 
detectable on the gel. 
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Figure 2.  2-D gel of the sarcoplasmic fraction extracted from bovine longissimus dorsi at 1 
day postmortem.  Spots identified (in red) were found to be significantly different in 
abundance between high and low star probe samples (P < 0.1).  Additional information on 
identified spots is found in Table 1.  
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Figure 3. A) Troponin-T western blots run on 15% acrylamide separating gel loaded with 60 
μg of protein from the pellet collected after the incubation procedure. Four major bands (3 
intact and a 30 kDa degradation product) were detected in troponin-T western blots.  
Densitometry measurements were made on the bands corresponding to the 30 kDa 
degradation product of troponin-T.  B) The intensity of 30 kDa troponin-T band from 
western blots preformed on the pellet for each incubation treatment. The ratio shown is the 
intensity of the 30 kDa troponin-T band to the intensity of the same band in a reference 
sample (longissimus dorsi, aged 7 day postmortem), which appeared on all blots, was used to 
normalize comparisons across all blots.  a-b indicates significant differences at P < 0.05.  
Treatments from left to right were (order of addition): 1 min incubation (myofibrils/ CaCl2/μ-
calpain/incubated 1 min/stopped with EDTA), 120 min incubation (myofibrils/ CaCl2/μ-
calpain/incubated 120 min/stopped with EDTA), EDTA control (myofibrils/ CaCl2/ 
EDTA/μ-calpain/incubated 120 min), and buffer control (myofibrils/CaCl2/buffer/incubated 
120 min/stopped with EDTA).  CaCl2 and EDTA were added to all incubation treatments for 
a final concentration of 100 μM, and 20 mM, respectively.  μ-Calpain was added at 1.23μg 
(0.0875 U) of pure calpain/mg myofibrillar protein in the incubation. All incubations were 
carried out at a constant temperature of 4°C. 
152 
 
 
 
Figure 4. A) Myosin light chain 1 western blots run on 15% acrylamide separating gel loaded 
with all of the protein collected from the supernatant after the incubation procedure. One 
major band was detected in MLC1 western blots (approximately 21 kDa). Densitometry 
measurements were made on the bands corresponding to the 21 kDa band of MLC1.  B) The 
intensity of ~21 kDa myosin light chain 1 band from western blots preformed on the 
supernatant for each incubation treatment. The ratio shown is the intensity of the ~21 kDa 
myosin light chain 1 band to the intensity of the same band in a reference sample 
(longissimus dorsi, aged 7 day postmortem), which appeared on all blots, was used to 
normalize comparisons across all blots.  a-b indicates significant differences at P < 0.05.  
Treatments from left to right were (order of addition): 1 min incubation (myofibrils/ CaCl2/μ-
calpain/incubated 1 min/stopped with EDTA), 120 min incubation (myofibrils/ CaCl2/μ-
calpain/incubated 120 min/stopped with EDTA), EDTA control (myofibrils/ CaCl2/ 
EDTA/μ-calpain/incubated 120 min), and buffer control (myofibrils/CaCl2/buffer/incubated 
120 min/stopped with EDTA).  CaCl2 and EDTA were added to all incubation treatments for 
a final concentration of 100 μM, and 20 mM, respectively.  μ-Calpain was added at 1.23μg 
(0.0875 U) of pure calpain/mg myofibrillar protein in the incubation. All incubations were 
carried out at a constant temperature of 4°C. 
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Table 1.  CyDye labeling of 2-Dimensional Difference In Gel Electrophoresis comparison of 
high star probe samples (HSP) and low star probe samples (LSP). 
 
 Cy 2 Cy 3 Cy 5 
Comparison 1 Internal Standard LSP 1 HSP 1 
Comparison 2 Internal Standard HSP 2 LSP 1 
Comparison 3 Internal Standard LSP 2 HSP 2 
Comparison 4 Internal Standard HSP 1 LSP 2 
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Table 2. Identified proteins from proteomic analysis of high and low star probe samples. 
 
Spot 
ID 
Name 
Mowse 
Score
a
 
More Abundant 
in  
P Value 
Observed 
MW (kDa) 
Theoretical 
MW (kDa) 
77 Myomesin-2 117 Low star probe 0.079 ~150 104.1 
126 KBTBD10 protein 78 Low star probe 0.025 ~80 68.1 
130 Serum albumin (BSA) 375 Low star probe < 0.01 ~75 69.3 
147 Phosphoglucomutase-1 326 Low star probe < 0.01 ~65 61.5 
149 Phosphoglucomutase-1 319 High star probe 0.024 ~65 61.5 
150 Phosphoglucomutase-1 160 Low star probe < 0.01 ~65 61.5 
152 Phosphoglucomutase-1 378 Low star probe < 0.01 ~65 61.5 
155  Actin, cytoplasmic 1 68 Low star probe 0.082 ~65 41.7 
269 
Tropomyosin alpha-1 
chain 
126 Low star probe 0.013 ~32 32.7 
334 
Myosin light chain 1, 
skeletal muscle isoform 
64 Low star probe < 0.01 ~21 20.8 
335 
Myosin light chain 1, 
skeletal muscle isoform 
59 Low star probe < 0.01 ~21 20.8 
376 Phosphoglucomutase-1 308 Low star probe 0.04 ~65 61.5 
a
Similarity score used for the identification of proteins from the molecular weight of peptides 
created by trypsin digest. A mowse score greater than 48-67 indicates that the probability of a 
match due to random chance is (P < 0.05).  
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DIFFERENCES IN PHOSPHORYLATION OF PHOSPHOGLUCOMUTASE 1 IN 
BEEF STEAKS FROM THE LONGISSIMUS DORSI WITH HIGH OR LOW SHEAR 
FORCE VALUES 
 
A research note to be submitted to Meat Science 
 
M. J. Anderson, S. M. Lonergan, and E. Huff-Lonergan 
 
Abstract 
The objective of this study was to use proteomics to identify alterations to proteins 
that are related to tenderness.  The longissimus dorsi (LD) was removed from ten cattle at 24 
hours postmortem, and the two with the highest (average kg of force = 6.57) and lowest star 
probe values (average kg of force = 3.75) at 14 days postmortem were designated the high 
star probe (HSP) and low star probe (LSP) samples, respectively.  2-Dimensional PAGE (13 
cm, pH 4-7; 8% acrylamide gel) was used to compare the sarcoplasmic fraction of the LD at 
one day postmortem in the samples from HSP steaks to samples from LSP steaks.  Gels were 
stained for total and phosphorylated protein.  Only the most alkaline isoform (isoform 6), was 
identified as being unphosphorylated.  The least phosphorylated isoform (isoform 5) had a 
greater density of the total protein (P < 0.05) and phosphorylated protein (P < 0.05) in the 
samples from HSP steaks compared to the samples from LSP steaks.  No other differences (P 
> 0.05) were detected for PGM1 isoforms in total or phosphorylated protein between the 
samples from HSP steaks and samples from LSP steaks.  This study also illustrates the 
importance of identifying posttranslational modifications of candidate proteins in the search 
for biomarkers.  
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1. Introduction  
Consumers rate tenderness as the primary sensory trait considered when they are 
making purchasing decisions (Mennecke, Townsend, Hayes, & Lonergan, 2007), and are 
willing to pay a premium in order to purchase a consistently tender product (Boleman et al., 
1997; Miller, Carr, Ramsey, Crockett, & Hoover, 2001; Platter et al., 2005).  During the 
postmortem storage of meat, there are numerous changes in the myofibrillar and 
sarcoplasmic protein profile that may play a role in postmortem tenderization and as a result 
have the potential to be indicators of tenderness.  It is well documented some of these 
changes in protein profile result from proteolysis (Koohmaraie, 1996; Taylor, Geesink, 
Thompson, Koohmaraie, & Goll, 1995) or solubility changes (Goll, Thompson, Li, Wei, & 
Cong, 2003; Zeece, Robson, Lusby, & Parrish, 1986) during postmortem aging.  These 
changes can disrupt the myofibril and alter the tenderness of the muscle (Olson & Parrish, 
1977).  However, in addition to changes in protein proteolysis and solubility, there are 
posttranslational modifications to proteins that can occur in living muscle tissue.  These 
include phosphorylation, methylation, acetylation, glycosylation, and lipodation (Hu, Guo, & 
Li, 2006).  Many intercellular proteins are regulated by posttranslational modification and 
these modifications can alter the properties of proteins by changing their conformation and 
regulating function of proteins in muscle tissue (Hu et al., 2006).  
Phosphoglucomutase 1 (PGM1) catalyzes the interconversion of glucose-1-phosphate 
and glucose-6-phosphate through the intermediate glucose-1,6-bisphosphate and thus plays a 
pivotal role in the regulation of glycogen metabolism (Cori & Cori, 1936).  PGM1 has been 
previously been identified as a protein that is potentially associated with tenderness 
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differences (Anderson, Lonergan, & Huff-Lonergan, 2011; Bouley, Meunier, Culioli, & 
Picard, 2004), but the role of the enzyme in postmortem tenderization remains unclear.  In 
the proteomic comparison of high and low sensory tenderness at 14 days postmortem in the 
semitendinosus of 15 month old Limousin, Charolais or Salers bulls, Bouley et al. (2004) 
observed that there was a greater abundance of four phosphoglucomutase isoforms in low 
sensory tenderness samples of Salers bulls and a greater abundance of the most alkaline 
phosphoglucomutase isoform in low sensory tenderness samples of the Charolais bulls.  
Additionally, a recent study (Anderson et al., 2011) compared the sarcoplasmic fractions of 
high (n=5) and low star probe samples (n=5) from the bovine longissimus dorsi at one day 
postmortem.  They identified five isoforms of PGM1 that differed in relative abundance 
between groups with high and low star probe values as PGM1.  The four most acidic 
isoforms were more abundant in low star probe samples while the most alkaline isoform was 
more abundant in high star probe samples (Anderson et al., 2011). Both of these studies 
identified phosphoglucomutase as being related to tenderness.  Another commonality 
between the results of these studies was that multiple isoforms with similar molecular 
weights were identified as phosphoglucomutase.  This suggests that the phosphoglucomutase 
isoforms identified had been posttranslationally modified.  PGM1 is a glycolytic enzyme that 
can be posttranslationally modified through phosphorylation, acteylation and methylation.  
There are nine sites on PGM1 that have been identified as phosphorylation sites and these 
include two serine residues, three tyrosine residues, and four threonine residues (Gururaj, 
Barnes, Vadlamudi, & Kumar, 2004; Han et al., 2010; Li et al., 2009).  Of these nine 
phosphorylation sites, the only well characterized phosphorylation site is the threonine 
residue at position 466 in humans, which activates PGM1 when phosphorylated (Gururaj et 
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al., 2004).  From the results of these two studies (Anderson et al., 2011; Bouley et al., 2004), 
it is possible to hypothesize that the phosphorylation of phosphoglucomutase is more 
essential to determining tenderness than the overall abundance of phosphoglucomutase.   
Because PGM1 has been identified as an indicator of tenderness in beef and its activity is 
regulated by phosphorylation, understanding the variations in phosphorylation of PGM1 may 
help to better define its role in postmortem tenderization.  The objective of this study was to 
use proteomics to identify alterations to proteins that are related to tenderness.   
 
2. Materials and Methods  
2.1 Sample collection 
Ten market weight beef cattle were slaughtered at the Iowa State University Meat 
Laboratory using normal, approved humane slaughter procedures.  Longissimus dorsi (LD) 
muscles were removed from carcasses at 24 hours after slaughter.  Muscles were cut into 
2.54 cm thick and 0.64 cm thick steaks. Steaks were cut perpendicular to the long axis of the 
muscle and individually vacuum packaged. Both the 2.54 and 0.64 cm steaks were aged at 
4°C for a total of either one or 14 days postmortem. The 2.54 cm thick steaks were and were 
used for star probe and sensory analysis.  The 0.64 cm thick steaks were frozen in their 
vacuum packages at the end of their respective aging periods and used for biochemical 
analysis.   
  
2.2 Star probe measurement  
Steaks were cooked to an internal temperature of 71°C in an electric oven broiler 
prior to texture analysis.  Star probe measurements were taken as an instrumental indication 
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of texture of the selected muscle through analysis of cooked steaks. The method used was 
similar to the method used for pork by Lonergan et al. (2007).  Star probe analysis uses the 
measurement of the peak load necessary to puncture and compress the product to 80% of its 
height. The star probe attachment consists of a circular, five-pointed star probe attached to an 
Instron Universal Testing Machine (Instron Corporation, Norwood, MA).  The star probe 
attachment measures 9 mm in diameter with 6 mm between each point.  The angle from the 
end of each point up to the center of the attachment is 48
o
.  The star probe attachment 
punctured and compressed the product at a crosshead speed of 3.3 mm/second.  Each steak 
was punctured and compressed three times and the maximum force was recorded for each 
puncture. Measurements were then averaged to determine a star probe value for each steak.   
 
2.3 Protein extraction  
From the 10 LDs collected at 24 hours postmortem, the two LDs that had the lowest 
star probe value at 14 days (average kg of force = 3.75) were designated as the low star probe 
samples (LSP) and the two LDs that had the highest star probe value at 14 days (average kg 
of force = 6.57) were designated as the high star probe samples (HSP).  Day 1 samples from 
the samples from HSP steaks and samples from LSP steaks were minced and then powdered 
using liquid nitrogen and a Waring blender (Waring Laboratory; Torrington, CT) before 
biochemical analysis.  Sarcoplasmic fractions were extracted for all samples.  To extract the 
sarcoplasmic fraction, powdered samples were homogenized in three volumes of cold 
sarcoplasmic extraction buffer (50mM Tris, 1mM EDTA, pH 8.5) with a polytron.  Samples 
were then centrifuged at 40,000 x g for 20 min at 4°C.  Supernatant was filtered through 
cheesecloth and protein concentration was determined using the method described by Lowry 
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et al. (1951) using premixed reagents (Bio-Rad Laboratories, Hercules, CA).  Protein 
concentration of sarcoplasmic fraction was adjusted to 6 mg/ml using cold extraction buffer, 
separated into aliquots, and stored at -80°C. 
   
2.4 2-Dimensional PAGE 
Each gel was loaded with 900 μg of sarcoplasmic protein extracted from either the 
samples from HSP steaks or samples from LSP steaks.  The first dimension separation of 
proteins on the basis of isoelectric point (pI) was carried out on Immobiline DryStrips (13 
cm, pH 4-7, GE Healthcare, Piscataway, NJ) rehydrated with DeStreak Rehydration Solution 
(GE Healthcare, Piscataway, NJ) containing 2.5 mM DL-dithiothreitol (DTT).  First 
dimension focusing was performed on an Ettan IPGphor 3 isoelectric focusing system (GE 
Healthcare, Piscataway, NJ).  In the initial step, a low voltage (500 V) was applied followed 
by a stepwise increase to 8000 V to reach a total of 18500 V h.  After isoeletric focusing, 
strips were equilibrated for 15 min in 10 ml of equilibration buffer (50 mM Tris-HCl pH 8.8, 
6 M Urea, 30% Glycerol, 2% SDS, and a trace of Bromophenol Blue) containing 65 mM 
DTT.  This was followed by an equilibration for 15 min in 10 ml of equilibration buffer 
containing 135 mM iodoacetamide (Rozanas & Loyland, 2008).   
 Second dimension electrophoresis (separation by molecular weight using SDS-
PAGE) was run on 8% acrylamide gels (16 X 18 cm; acrylamide: N,N′-bis-methylene 
acrylamide= 100:1 [wt/wt], 0.1% SDS [wt/vol], 0.05% N,N,N′N-tetramethylethylenediamine 
(TEMED), 0.05% ammonium persulfate [wt/vol], and 0.5 M Tris-HCl, pH 8.8) on a SE 600 
vertical slab gel unit (Hoefer Scientific
 
Instruments, Holliston, MA) at a constant 30 V.    
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2.5 Staining for phosphorylated and total protein 
 Gels were stained for phosphorylated protein using ProQ Diamond (Invitrogen, 
Carlsbad, CA) according to manufacturer’s recommendations.  Gels were imaged (excitation: 
480 nm; emission: 530 nm) on an Ettan DIGE Imager (GE Healthcare, Piscataway, NJ) and 
analyzed to determine the relative abundance of phosphorylated PGM1 isoforms using the 
DeCyder 2D Software (v. 6.5; GE Healthcare, Piscataway, NJ).  Gels were then rinsed twice 
with water for 5 min per wash.  Gels were then stained for total protein using Sypro Ruby 
(Invitrogen, Carlsbad, CA) according to manufacturer’s recommendations.  Gels were then 
imaged (excitation: 390 nm; emission: 595 nm) on an Ettan DIGE Imager (GE Healthcare, 
Piscataway, NJ) and analyzed to determine the relative density of individual 
phosphoglucomutase 1 isoforms using the DeCyder 2D Software (v. 6.5; GE Healthcare, 
Piscataway, NJ).   
 
2.6 2-Dimensional Western Blotting for Phosphoglucomutase 1 
 Two-dimensional western blotting was used to identify PGM1 isoforms.  Gels for 2-
dimensional western blotting for PGM1 were loaded with 300 μg of sarcoplasmic protein 
extracted from either the samples from HSP steaks or samples from LSP steaks.  The first 
and second dimensions were run under the same conditions using the same type of IPG strips 
(13 cm, pH 4-7) and gels (8% acrylamide gels; 16 X 18 cm) that were previously described 
for the gels that were stained for phosphorylated and total protein.  Gel transfer and western 
blots for phosphoglucomutase 1 were completed using the method described by Rowe et al. 
(2004).  The primary antibody for phosphoglucomutase 1 western blots was a monoclonal 
antibody against phosphoglucomutase 1 (Figure 1; Clone 3B8-H4, Sigma-Aldrich, St. Louis, 
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MO).  All membranes were incubated in primary antibody at 4°C overnight.  The secondary 
antibody for phosphoglucomutase 1 western blots was goat anti-mouse-HRP (catalog No. 
A2554; Sigma Chemical Co., St. Louis, MO).  After incubation with secondary antibody 
membranes were rinsed three times for 10 min each in PBS-Tween then detected by 
chemiluminescence. 
Chemiluminescence detection was initiated using premixed reagents (ECL Plus kit; 
GE Healthcare, Piscataway, NJ). Chemiluminescence was detected using a 16-bit megapixel 
CCD camera (FluorChem 8800, Alpha Innotech Corp., San Leandro, CA) and FluorChem 
IS-800 software (Alpha Innotech Corp.).   
 
2.7 Statistical analysis 
 The intensity of each spot was determined using the 3-dimensional spot density 
calculated by the DeCyder 2D Software (v. 6.5; GE Healthcare, Piscataway, NJ).  For all 
isoforms analyzed, the ratio of the density of a PGM1 isoform to the density of a reference 
protein, which was detected in both the phosphorylated and total protein stains, was used to 
normalize comparisons across all blots.  The reference protein was chosen because it 
appeared on all blots, in both the phosphorylated and total protein stains, and was previously 
determined not to differ in relative abundance between the samples from HSP steaks and 
samples from LSP steaks (Anderson et al., 2011).  Up to five phosphorylated PGM1 isoforms 
were detected using ProQ Diamond stain and up to six PGM1 isoforms were detected using 
the Sypro Ruby total protein stain (Figure 1).  Differences in individual isoform density 
(phosphorylated and total protein) for between the samples from HSP steaks and samples 
from LSP steaks were determined using the GLM procedure in SAS (v9.1; SAS Inst., Inc., 
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Cary, NC).  No effect of slaughter date was seen so it was removed from the analysis.  Least 
squared means were separated using the PDIFF option.   
 
3. Results 
 Two-dimensional western blotting with a monoclonal antibody against 
phosphoglucomutase 1 (Figure 1; Clone 3B8-H4, Sigma-Aldrich, St. Louis, MO) was used to 
verify that the spots were PGM1.  Six isoforms of PGM1 were detected when stained for 
total protein.  The most alkaline isoform (isoform 6) was the only isoform that was presumed 
to be unphosphorylated because it was not present in gels stained for phosphoprotein (Figure 
2). 
A phosphorylated protein will migrate further towards the acidic portion of the gel 
than the same protein that is unphosphorylated (Maurides, Akkaraju, & Jagus, 1989).  
Additionally, a protein with multiple sites phosphorylated will migrate further toward the 
acidic portion of the gel during isoelectric focusing in the first dimension than the same 
protein with a single phosphorylated site (Maurides et al., 1989).  When the gels were stained 
for phosphorylated protein (Figure 3), the least phosphorylated isoform (least acidic of the 
isoforms detected in the phosphoprotein stain; isoform 5) had a greater density when stained 
with a phosphoprotein stain (P < 0.05) in the samples from HSP steaks compared to the 
samples from LSP steaks (Figure 4).  No other differences (P > 0.05) in the PGM1 isoforms 
were detected in the density of phosphorylated protein between the samples from HSP steaks 
and samples from LSP steaks.  
When stained for total protein, the spot corresponding to the least phosphorylated 
isoform (isoform 5) had a greater density (P < 0.05) in the samples from HSP steaks than in 
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the samples from LSP steaks (Figure 5).  No other differences in the PGM1 isoforms 
between the samples from HSP steaks and samples from LSP steaks were detected in total 
protein. 
   
4. Discussion 
 Of the six isoforms identified as PGM1, only the least phosphorylated isoform 
(isoform 5) showed any difference in the abundance of phosphorylated or total protein 
between the samples from HSP steaks and samples from LSP steaks.  In both the 
phosphorylated and total protein stains, the samples from HSP steaks had a greater relative 
abundance of PGM1 in the least phosphorylated isoform (isoform 5) when compared to the 
samples from LSP steaks, indicating that PGM1 abundance and/or phosphorylation may be 
associated with tenderness differences.   
Post-exsanguination, muscle tissue attempts to maintain homeostasis and as a result 
will utilize creatine phosphate, glycogen, and glucose to create ATP (Hamm, 1977).  As 
creatine phosphate stores are depleted during the conversion of muscle to meat, glycogen 
stores are metabolized for ATP production.  In the metabolism process, glycogen is 
debranched by glycogen debranching enzyme and then cleaved by glycogen phosphorylase 
to produce the product glucose-1-phosphate (Greenberg, Jurczak, Danos, & Brady, 2006).  
Glucose-1-phosphate, a substrate of PGM1, becomes readily available for conversion to 
glucose-6-phosphate through the debranching and cleavage of glycogen.  In the first step of 
the conversion of glucose-1-phosphate to glucose-6-phosphate, PGM1 transfers a phosphate 
group onto the 6-position of glucose-1-phosphate to give the intermediate, glucose-1,6-
bisphosphate.  In the second step, PGM1 removes the phosphate group from the 1-position to 
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yield glucose-6-phosphate (Britton & Clarke, 1968).  Glucose-6-phosphate, the second 
substrate of PGM1, enters the glycolytic metabolic pathway to produce ATP.  The 
production of glucose-6-phosphate occurs as a result of two main pathways.  The first is the 
previously described conversion of glucose-1-phosphate, from glycogen, to glucose-6-
phosphate.  The second is from the addition of a phosphate group at the 6-position of glucose 
in the first steps of glycolysis (Wilson, 1995).  During the conversion of muscle to meat, an 
imbalance of the two substrates of PGM1 occurs.  An excess glucose-1-phosphate is 
produced due to the breakdown of glycogen while available glucose-6-phosphate is used for 
glycolysis to produce ATP (Greenberg et al., 2006).  Although it is a reversible reaction, the 
formation of glucose-6-phosphate is energetically favored and the availability of glucose-1-
phosphate and deficiency of glucose-6-phosphate help to shift the reaction toward the 
creation of glucose-6-phosphate (Naught & Tipton, 2005).  Therefore, PGM1 is vital to 
providing glucose-6-phosphate for the production of ATP from glycogen.  
Phosphorylation of a threonine residue (466) on PGM1 causes a conformational shift 
that increases access to the active site (Gururaj et al., 2004).  While the activity of PGM1 was 
not measured in the current study, phosphoglucomutase has been shown to be active at the 
pH found in postmortem muscle (Bocchini & Najjar, 1970) and the increased 
phosphorylation of PGM1 could allow increased activation and/or activity of the enzyme.  A 
greater activity of PGM1 could potentially increase the rate of conversion of glucose-1-
phosphate to glucose-6-phosphate that could then enter glycolysis and produce lactic acid 
and ATP.  It is uncertain whether increased glucose-6-phosphate production, resulting from 
the greater activation and/or activity of PGM1 in the samples from HSP steaks, has the 
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potential to increase the rate of glycolysis, but rate of glycolysis has the potential to have 
influence pH decline and tenderness (Geesink, Mareko, Morton, & Bickerstaffe, 2001). 
 While previous studies (Anderson et al., 2011; Bouley et al., 2004) investigated the 
importance of the overall abundance of phosphoglucomutase in regards to tenderness, the 
current study demonstrated that the difference in phosphorylation of phosphoglucomutase 1 
isoforms may be associated with tenderness differences.  Posttranslational modifications, like 
phosphorylation, regulate the function of many intercellular proteins in vivo (Hu et al., 2006).  
As a result, variation in posttranslational modifications can have effects on protein activity, 
cellular locations and signaling pathways (Seo & Lee, 2004).  A number of biological 
processes, like glycolysis, involve proteins that are controlled through posttranslational 
modifications and have been linked to a number of aspects of meat quality (Hollung et al., 
2007; Hwang, Lee, & Thompson, 2003; Marsh, Ringkob, Russell, Swartz, & Pagel, 1987).  
Because posttranslational modifications can alter these biological processes, future 
investigations of biomarkers need to examine the role of posttranslational modifications in 
meat quality. 
 
5. Conclusion    
In the current study, it was shown that greater phosphorylation of PGM1 may be 
related to tenderness.  This study also illustrates the importance of identifying 
posttranslational modifications of candidate proteins in the search for biomarkers because the 
least phosphorylated isoform of PGM1 had a greater abundance of phosphorylated protein in 
steaks from the HSP samples while all other isoforms of PGM1 did not differ in the 
abundance of phosphorylated protein between steaks from the HSP and LSP samples.  This 
167 
 
 
suggests that the amount of phosphorylated protein of the individual isoforms of PGM1 may 
be important in establishing the relationship between PGM1 and tenderness.  Previous 
studies have identified phosphoglucomutase as a potential indicator of tenderness but it is 
essential to determine the effect of posttranslational modifications on the activity and 
function of PGM1 in order to determine its overall contribution to postmortem tenderization. 
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Figure 1. 2-D western blot of the sarcoplasmic fraction from bovine longissimus dorsi (13 
cm, pH 4-7; 8% acrylamide gel) for phosphoglucomutase 1.  Isoforms shown are located at 
~65 kDa.  Isoforms with the same number are located at the same position (pI and molecular 
weight) as the in Figures 2 and 3.    
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Figure 2.  2-D gel of the sarcoplasmic fraction extracted from bovine longissimus dorsi (13 
cm, pH 4-7; 8% acrylamide gel) stained for A) total protein and B) phosphorylated protein.  
Isoforms with the same number are located at the same position (pI and molecular weight) 
across gels stained for total and phosphorylated protein.    
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Figure 3.  2-D gel comparison of the sarcoplasmic fraction extracted from bovine longissimus 
dorsi (13 cm, pH 4-7; 8% acrylamide gel) form either high star probe (HSP) of low star 
probe (LSP) samples stained for phosphorylated protein. Isoforms with the same number are 
located at the same position (pI and molecular weight) across gels stained for total and 
phosphorylated protein.    
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Figure 4.  Comparison between the high star probe samples (HSP) and low star probe 
samples (LSP) in the relative abundance of the isoforms identified as phosphoglucomutase 1 
(PGM1) in the sarcoplasmic fraction stained for phosphorylated protein.  Densitometry 
measurements were made on the five isoforms previously identified as PGM1 stained for 
phosphorylated protein.  The ratio shown is the density of a PGM1 isoform to the density of a 
reference protein, which was previously determined not to differ between samples from HSP 
steaks and samples from LSP steaks, was used to normalize comparisons of blots. 
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Figure 5.  Comparison between the high star probe samples (HSP) and low star probe 
samples (LSP) in the relative abundance of the isoforms identified as phosphoglucomutase 1 
(PGM1) in the sarcoplasmic fraction stained for total protein.  Densitometry measurements 
were made on the six isoforms previously identified as PGM1 stained for total protein.  The 
ratio shown is the density of a PGM1 isoform to the density of a reference protein, which was 
previously determined not to differ between samples from HSP steaks and samples from LSP 
steaks, was used to normalize comparisons of blots. 
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GENERAL SUMMARY 
During the postmortem storage there are numerous changes in the protein profile of 
beef.  It is well documented that some of these changes directly affect the structure of the 
myofibril during postmortem aging.  Our hypothesis was that there are alterations to proteins 
during postmortem storage that affect tenderness development.  By identifying these 
alterations, these proteins can be used as indicators of tenderness and can aid in the 
identification of consistently tender beef. 
The first experiment was designed to define the biochemical differences that govern 
tenderness and palatability of economically important muscles from the beef round using 
muscles with known tenderness differences.  At 24 h postmortem, the longissimus dorsi 
(LD), gracillus (GR), adductor (AD), semimembranosus (SM), sartorius (SAR), vastus 
lateralis (VL), and vastus intermedius (VI) muscles were removed from ten market-weight 
beef cattle.  Sensory and biochemical characteristics were determined in each muscle and 
compared with the LD.  This study showed that the AD and VL had poor sensory traits 
compared to the LD.  However, the GR, SAR, and VI had sensory traits similar to the LD.  
The AD was also an important example of how understanding the biochemical characteristics 
of a muscle can aid in the utilization of that muscle.  The most notable attribute of the AD 
was its lack of change in protein degradation during aging.  The AD had no detectable 
change in the abundance of the 30 kDa degradation of troponin T from one to 14 days 
postmortem, and no significant change in tenderness.  Postmortem aging of this muscle 
provided no added benefit as it did in many of the other muscles evaluated.  In most beef 
round muscles, postmortem proteolysis provided a good indication of the postmortem 
tenderization occurring during aging.   
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Results from our first study suggested that proteolysis is the key process in indicating 
postmortem tenderness and that the AD had little proteolysis from one to 14 days 
postmortem.  The lack of change in protein degradation in the AD provided a model to 
determine the changes in protein abundance over time in a muscle with little proteolysis from 
one to 14 days postmortem.  Once these changes were determined, they were then compared 
to the changes in protein abundance over time in a muscle with greater proteolysis (LD) from 
one to 14 days postmortem to identify the proteins that may play a role in postmortem 
tenderization.  So, this second experiment was designed to determine the identity of proteins 
that are altered during the postmortem aging process by using muscles that differ in 
tenderness and postmortem protein degradation.  The AD (n=5) was chosen because it shows 
very little change in sensory and instrumental tenderness during 14 days of aging and the LD 
(n=5) was chosen because it showed a large increase in sensory and instrumental tenderness. 
A highly soluble sarcoplasmic fraction and a less soluble, crude myofibrillar fraction were 
extracted from each muscle. Two-Dimensional Difference In Gel Electrophoresis (2-D 
DIGE) was used to compare samples from one and 14 days postmortem within the same 
muscle and protein fraction.  This study illustrated that both glyceraldehyde-3-phosphate 
dehydrogenase and beta-enolase are not expected to be robust indicators of tenderness across 
muscles because alterations to the relative abundance of these proteins were not directly 
related to the amount of tenderization that occurred in both the AD and LD during 
postmortem storage.  In addition, the usefulness of creatine kinase M-type as an indicator of 
tenderness was unclear because it undergoes both degradation and solubility changes during 
postmortem storage.  Postmortem modifications, through proteolysis or solubility changes, of 
the structural proteins found to change in relative abundance during aging in the LD (actin, 
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myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-actinin-3) can play a key 
role in postmortem tenderization by disrupting the structure of the myofibril.  As a result, 
actin, myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-actinin-3 are 
anticipated to be good indicators of tenderness across muscles.   
While actin, myosin heavy chain, myomesin-2, tropomyosin alpha 1 chain and α-
actinin-3 appeared to be important to the process of postmortem tenderization, it was also 
important to verify that differences in these proteins could be detected between high and low 
star probe samples.  Therefore, the next study was designed to identify proteins in bovine 
longissimus dorsi that differed in steaks from high or low star probe samples.  The LD was 
removed from ten cattle at 24 hours postmortem, and the two with the highest (average kg of 
force = 6.57) and lowest star probe values (average kg of force = 3.75) at 14 days 
postmortem were designated the high and low star probe samples, respectively. Using 2-D 
DIGE to compare the protein profile of the sarcoplasmic fraction of high and low star probe 
samples of the LD, proteins were identified that may have potential as indicators of 
tenderness.  Of the proteins identified in the previous study as changing in relative abundance 
over time, myomesin-2, tropomyosin alpha 1 chain, and actin were identified as being more 
abundance in the sarcoplasmic fraction of low star probe samples compared to high star 
probe samples.   Therefore, myomesin-2, tropomyosin alpha 1 chain, and actin are important 
to the process of postmortem tenderization and can be detected between high and low star 
probe samples.  Because of this, these proteins have the greatest potential to become 
indicators of postmortem tenderness.  
Because myomesin-2, tropomyosin alpha 1 chain, and actin show promise as 
potential indicators of tenderness further investigation into the usefulness of these proteins as 
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indicators or predictors of tenderness is necessary.   For each of these proteins, a large scale 
study is needed that determines how useful each protein is in predicting or indicating the 
differences in instrumental or sensory tenderness.  In order to determine the relative 
abundance of each of the candidate proteins, 1- or 2-dimensional western blots on the 
sarcoplasmic fraction of the LD would be used at one, three, and 14 days postmortem would 
be used.  These three days would be used because one day postmortem would match the 
preliminary data, three days postmortem would give an indication of tenderness when 
carcasses are fabricated, and 14 days postmortem would give an indication of ultimate 
amount of tenderization that occurs in the LD.  Protein abundance would then be compared 
to sensory tenderness and star probe values of the LD at one, three, and 14 days postmortem 
in order to determine how useful each protein is at determining the current tenderness value 
and predicting future tenderness values. 
In addition to myomesin-2, tropomyosin alpha 1 chain, and actin, both 
phosphoglucomutase 1 (PGM1), and myosin light chain 1 (MLC1) differed in relative 
abundance in the sarcoplasmic fraction between high and low star probe samples.  Two spots 
identified as MLC1 and four of the five spots identified as PGM1 were more abundance in 
the low shear samples compared to the high star probe samples.  One spot of PGM1 was 
identified as more abundant in the high star probe samples compared to the low star probe 
samples.  Of all the proteins identified as differing in relative abundance between high and 
low star probe samples, MLC1 was determined to be a candidate protein for postmortem 
tenderization because it had the most significant difference between the high and low star 
probe groups. The second portion of this study was designed to determine the extent to which 
μ-calpain activity could be responsible for the appearance of MLC1 in the highly soluble 
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sarcoplasmic fraction during aging and examine the rate of the appearance of MLC1 in the 
highly soluble fraction during incubation with μ-calpain.  Myofibril incubation with μ-
calpain revealed that μ-calpain catalyzes the rapid release of MLC1 from the myofibril.  One 
hypothesis suggested by Hayashibara and Miyanishi (1994) was that the N-terminal “tail” 
region of MLC1 may provide stability to the actomyosin complex by keeping actin and 
myosin in close proximity and that the rapid release of MLC1 into the highly soluble 
sarcoplasmic fraction may influence tenderness by disrupting the stability of the actomyosin 
complex.   
The next steps in this experiment would be to determine if the MLC1 that is released 
into the highly soluble fraction by μ-calpain contains the N-terminal “tail” region that is 
thought to add stability to the actomyosin complex.  In order to accomplish this, a western 
blot for the N-terminal “tail” region of MLC1 would be performed on both the highly soluble 
supernatant and the less soluble myofibrillar fraction from the incubation with μ-calpain.  
This would provide information on whether the MLC1 that is released into the highly soluble 
supernatant during incubation with μ-calpain is a complete protein or a degradation product 
of MLC1.   
Of all the proteins identified as differing in relative abundance between high and low 
star probe samples, PGM1 offered the best model to investigate the effects on 
posttranslational modifications on postmortem tenderization.  Because four of the five spots 
identified as PGM1 were more abundant in the low star probe samples and one of the five 
spots identified as PGM1 was more abundant in the high star probe samples, it indicates that 
the individual isoforms of PGM1 were as important to tenderness as the overall amount of 
PGM1.  Because posttranslational modifications (phosphorylation) play a key role in the 
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regulation of the PGM1 activity, the final study was designed to identify differences in 
phosphorylation of PGM1 in samples that differed in star probe value.  2-Dimensional PAGE 
(13 cm, pH 4-7; 8% acrylamide gel) was used to compare the sarcoplasmic fraction of the 
LD at one day postmortem in the high and low star probe groups.  This study showed that 
there was a greater abundance of phosphorylated protein in the most alkaline of the 
phosphorylated PGM1 spots in high star probe samples compared to low star probe samples.  
This increase in phosphorylation may indicate increased activation and/or activity of PGM1.  
More importantly this study illustrated the importance of investigating posttranslational 
modification in the search for biomarkers because the least phosphorylated isoform of PGM1 
had a greater abundance of phosphorylated protein in steaks from the high star probe samples 
while all other isoforms of PGM1 did not differ in the abundance of phosphorylated protein 
between steaks from the high and low star probe samples.  This suggests that the 
posttranslational modifications of proteins may be as important as total protein in 
determining postmortem tenderization.  This experiment acted as a proof of concept that a 
posttranslational modification to an individual protein isoform could have an effect on a 
biological process like postmortem tenderization.  Because posttranslational modifications 
can affect biological processes like postmortem tenderization, they should be considered 
when identifying candidate proteins for biomarkers. 
In conclusion, myomesin-2, tropomyosin alpha 1 chain, actin, and myosin light chain 
1 show promise as potential indicators of tenderness and future research to verify the 
usefulness of these proteins as potential indicators of tenderness.  Variation in 
posttranslational modifications has effects on protein activity, cellular locations and signaling 
pathways.  Because of this the investigation into the posttranslational modifications of any 
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candidate proteins, including myomesin-2, tropomyosin alpha 1 chain, actin, and myosin 
light chain 1, may help in understanding usefulness of these proteins as biomarkers and the 
mechanism of tenderization during postmortem storage of meat. 
 
